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PREFACE 


Advancements  in  the  tic  vrlupment  of  rigid  radomes  for  ground  environments 
have  been  rapid  sine  r  Lincoln  Laboratory  became  actively  involved  in  195  3. 

The  necessity  for  sheltering  very  large  antennas  and  for  transmitting  ever 
higher  frequencies  haa  compounded  the  technical  problems  relating  to  geometry, 
matei.aln,  and  construction  i»o  that  literally  hundreds  of  engineers  in  the 
United  State  b  and  Canada  are  no**  fully  involved  in  producing  solutions.  The 
tank  of  keeping  these  people  informed  of  system  requirements  and  of  recent 
developments  has  not  been  easy. 

Therefore,  with  the  endorsement  of  the  Joint  Services  Advisory  Committee, 

Ltmoln  Laboratory  conducted  a  Symposium  on  Rigid  Radomes  on  8,  9,  and  10 
September  1958  at  M.I.T.'s  Kresgr  Auditorium  in  Cambridge,  Mao  s  achu  setts. 

Its  expressed  purpose  wan  to  provide  an  opportunity  to  preoent  and  to  discuss 
in  an  informal  atmosphere  die  systems  requirements  and  technologies  that 
relate  to  the  developmer*  of  large  rigid  radomes  for  ground  environments. 

Areas  '•f  interest  were.  Systems  requirements,  environmental  conditlonn, 
electrical  performance  design,  electrical  measurement  techniques,  mechanical 
design,  structural  analysis,  and  materials  and  processes. 

The  response  was  excellent.  We  are  indebted  to  the  speakers  for  their 
careful  preparation  and  for  the  quality  of  their  papers.  And  to  the  session 
chairmen  for  the  skill  with  which  they  moderated  each  session.  But  the 
success  of  the  symposiam  was  also  due  in  large  part  to  the  enthusiastic 
participation  of  the  200  attendees  whose  questions  and  obse rvaliona  contributed 
importantly  to  the  vitality  of  the  meetings. 

Now  that  these  Proceedings  are  being  dioseminated  as  the  final  act  of  the 
symposium,  it  seems  appropriate  to  give  recognition  to  those  who  were 
most  Instrumental  in  planning  and  dinating  the  affair  .  I  refer  to  the 

Symposium  Committee  composed  of  A.  Cohen,  P.  Davis,  M.  M.  Hannoosh,  ^ 

A.  E.  Johnson,  and  S.  C.  Nilo. 
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ANALYTICAL  METHODS  FOR  THE  PREDICTION 


OF  RADOME  PERFORMANCE  f 
T.E,  Tice,  P.D. Kennedy,  J.R.Baechle,  S.N.C.  Chen 
Antenna  Laboratory,  Department  of  Electrical  Engineering 
Ohio  State  University,  Columbus,  Ohio 


ABSTRACT 

The  three  most  important  detrimental  effects  of  a  radcme  on  a  radar 
system  are  the  loss  of  signal  power,  the  increase  in  side  ''be  level,  and  the 
Doresight  error.  For  large  radomes  where  optical  methods  are  applicable, 
analysis  of  these  effects  is  often  based  on  ray-tracing  methods  and  the 
electrical  properties  of  infinite  plane  dielectric  sheets,  while  more  rigorous 
electromagnetic  formulations  must  be  used  for  very  small  radomes,  A 
different  approach  is  called  for  in  the  analysis  of  radomes  where  the  effects 
of  structural  members  predominate.  Here,  one  -tudies  the  currents  induced 
on  the  structural  members  and  the  consequent  scattered  radiation. 


Note:  The  research  described  in  this  paper  was  performed  under 
Contract  AF  30(6 02 )-16Z 0  between  the  Rome  Air  Development  Center 
and  The  Ohio  State  University  Research  Foundation. 
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ANALYTICAL  METHODS  FOR  THE  PREDICTION 
OF  RADOME  PERFORMANCE4 
T.E.Ticc,  P.D.  Kennedy,  J.R.  Baechle,  S.N.C.  Chen 
Antenna  Laboratory,  Department  of  Electrical  Engineering 
Ohio  State  University,  Columbus,  Ohio 

INTRODUCTION 

Before  going  into  the  details  of  radome  analysis,  it  may  be  of  value  to 
very  quickly  review  the  effects  of  a  radome  on  a  radar  system  in  order  to 
bring  into  focus  the  reasons  why  certain  properties  are  of  interest.  It  is 
probably  safe  to  say  that  the  three  most  important  of  the  radome's  detrimental 
effects  are  the  loss  of  signal  power,  the  increase  in  sidelobe  level,  and  the 
tracking  error  or  boresight  shift,  although  the  one  which  would  be  of  most 
interest  would  depend  on  the  individual  application.  To  take  an  example  ol 
signal  loss,  a  radome  which  attenuates  the  outgoing  and  incoming  signals  by 
0.5  db  it  equivalent  to  a  loss  of  transmitter  power  of  21%  or  a  reduction  of 
detection  range  of  6%.  As  for  sidelobe  level,  an  increase  of  one  or  two  db 
means  that  much  increase  in  noise  level  when  there  are  ground  reflections, 
celestial  noise  sources,  or  jamming  sources  present.  The  effects  of  tracking 
error  on  a  fire  control  or  missile  guidance  system  are  obvious,  and  this  factor 
would  probably  govern  the  design  of  radomes  for  this  type  of  radar. 

+  Note:  The  research  described  in  this  paper  was  performed  under 
Contract  A F  3G(602)-1620  between  the  Rome  Air  Development  Center 
and  The  Ohio  State  University  Research  Foundation. 
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In  the  history  of  airborne  radomes,  the  emphasis  has  been  almost  ex¬ 
clusively  on  self-supported,  dielectric  structures  of  uniform  thickness  and 
cross-section,  and  this  background  a  ppl  ie  s  directly  to  the  air-mflated  and 
rigid  foamed  plastic  ground-based  radomes.  On  the  other  hand,  the  introduc¬ 
tion  of  large  radomes  incorporating  substantial  rib  structures  lias  required  a 
new  body  of  theory  which  recognues  the  predominant  effect  of  the  structural 
members.  The  analysis  of  these  two  distinct  radome  types  wiil  be  dis¬ 
cussed  separately. 

RADOMES  WITH  UNIFORM  WALLS 
While  few  radomes  consist  entirely  of  flat  dielectric  sheets,  much  can  be 
learned  about  the  design  of  practical  radomes  from  a  study  of  the  electrical 
properties  of  infinite  plane  sheets.  Not  only  is  such  information  helpful  in  a 
preliminary  design,  but  it  can  be  used  in  more  elaborate  analysis  procedures. 

The  analysis  of  the  transmission  and  reflection  of  electromagnetic  waves  by 
such  dielectric  sheets  is  essentially  a  straightforward  problem  based  on  Max¬ 
well's  equations  and  the  necessary  continuity  of  the  electric  and  magnetic  fields 
at  the  boundaries  between  the  various  media.  As  with  many  other  problems 
which  are  simple  in  concept,  many  analytical  complications  arise  when  there 
are  several  such  boundaries,  and  various  artifices  such  as  reflection  and  trans¬ 
mission  factors,  etc.,  have  been  devised  to  permit  systematic  analysis  of  com¬ 
plex  situations.  (See  Reference  5,  Chapter  2,  by  J.  H.  Richmond).  It  is  not 

necessary  to  go  into  this  here  because  the  characteristics  of  many  configurations 

1,2, 3, 4, 5 

have  been  tabulated  for  convenient  use  in  radome  design. 
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Dielectric  sheets  for  radome  applications  may  he  divided  into  three  eata- 
Kories:  electrically  thin  sheets,  which  arc  less  than  0.1  wavelength  thick  (as 
measured  in  the  dielectric);  half  wave  homogeneous  sheets,  which  are  designed 
to  be  a  multiple  of  a  half  wavelength  in  thickness  at  some  particular  angle  of 
incidence;  and  multi-layer  sheets,  of  which  a  variety  a  types  have  been  de¬ 
signed  to  combine  superior  mechanical  properties  and  good  electrical  char¬ 
ade  ristics. 

Mechanical  strength  is  usually  the  limiting  factor  in  the  application  of 
electrically  thin  radomes;  this  in  turn  is  governed  by  the  wavelength  at  which 
the  radome  is  to  be  used.  However,  if  a  thin  wall  design  can  be  used,  high 
transmission  and  small  insertion  phase  differences  are  readily  obtained.  This 
is  illustrated  by  Fig.  1,  which  gives  the  transmission  through  two  types  of  walls 
which  might  be  used  for  ground-based  radomes:  the  thin  fabric-reinforced 
flexible  sheet  of  an  air-inflated  radome  (  d- 0.0156a.,  r  =  3 ^  inches)  and  a 
rigid,  foamed  plastic  construction  (  d  =  0.12X ,  er  =  1.2,  \0  -  25  inches).  (A 
distinction  must  be  made  between  perpendicular  and  parallel  polarization^, 
and  the  coefficients  are  not  the  same  for  these  two  cases.  Perpendicular 
polarization  is  used  for  illustration  in  this  paper,  and  the  coefficients  for  the 
other  polarization  are  similar.) 

If  mechanical  requirements  and  operating  frequency  rule  out  a  design 
which  can  be  described  as  electrically  thin,  a  second  possibility  is  a  half-wave 
sheet,  which  derives  its  desirable  electrical  properties  from  the  cancellation 
of  reflections  from  the  front  and  rear  surfaces  of  the  sheet.  Thus,  it  is  pos¬ 
sible  to  make  the  transmission  coefficient  very  high  at  some  par*icular 
wavelength,  \0,  and  angle  of  incidence,  0O. 


5 


For  a  lossless  sheet,  the  thickness  giving  this  result  is 


n\0 


where  n  can  be  any  positive  integer.  Fortunately,  when  this  is  done  the  pro¬ 
perties  are  fairly  satisfactory  over  a  range  of  incidence  angles,  as  illustrated 
by  Fig.  d,  It  will  be  noted  that  the  characteristics  are  not  as  desirable  as 
those  of  the  thin  wall,  but  may  still  be  adequate  for  many  purposes. 

The  multilayer  dielectric  sheets  are  intended  to  have  good  electrical  pro¬ 
perties  with  a  higher  st  rength-to-weight  ratio  than  an  equivalent  solid  sheet. 
The  sandwich  construction  combining  strong  and  relatively  heavy  skins 
separated  by  a  light  core  material  such  as  plastic  foam  or  honeycomb  is 
typical  of  this  type  of  radome,  although  other  types  of  sandwiches  are  in  use. 

Together  with  its  mechanical  advantages,  the  sandwich  type  of  radome 
wall  can  be  designed  for  broadband  operation  by  the  use  of  several  adjacent 
sandwiches.  Also  other  configurations,  such  as  ones  having  a  denser  core, 
for  the  single  sandwich  may  have  improved  electrical  and  mechanical  proper¬ 
ties  over  the  half  wave  wall  of  comparable  weight. 

Fig.  3  shows  the  calculated  transmission  properties  of  a  panel  similar  t.o 
one  which  was  intended  for  a  55  ft.,  S-band  radome.  It  v/ill  be  noted  that  at 
the  higher  incidence  angles  these  characteristics  deteriorate  more  rapidly 
than  the  previous  examples  but  that  for  angles  of  incidence  encountered  in 
practice  they  compare  quite  favorably. 

The  material  just  covered  has  presented  typical  properties  of  flat  di¬ 
electric  sheets,  but  this  is  obviously  only  the  first  step  in  the  prediction  of 
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radomc  performance.  The  remaining  elements  of  the  procedure  will  be  seen 
to  follow  logically  from  this  statement  of  the  most  common  method  of  analysis: 
the  aperture  excitation  of  the  antenna  is  assumed  or  measured  and  the  modifi¬ 
cation  of  this  excitation  by  the  radomc  is  determined.  For  large  antennas  and 
radomes,  this  can  be  done  by  quasi-optical  principles  which  essentially  involve 
passing  rays  from  various  parts  of  the  antenna  aperture  through  incremental 
sections  of  the  radomc  under  the  assumption  that  the  infinite-sheet  character¬ 
istics  will  apply  for  each  such  incremental  area.  To  do  this,  it  is  necessary  to 
investigate  the  angle  of  incidence  of  each  ray.  This  task  can  become  quite  com¬ 
plex  with  small  streamlined  airborne  radomes,  but  is  straight-forward  for  the 
spherical  shape  which  is  typical  of  ground  radomes.  As  a  matter-of-fact,  the 
geometry  of  the  sphere  is  very  favorable  in  that  the  central  ray  of  the  antenna 
always  encounters  the  radomc  wall  at  normal  incidence  if  the  antenna  gimbals 
are  at  the  center  of  the  sphere  and  symmetry  exists  for  the  other  rays  of  the 
antenna. 

However,  once  the  incidence  angles  of  the  various  rays  and  the  correspond¬ 
ing  attenuations  and  phase  delays  have  been  noted,  this  information  leads  to  a 
representation  of  an  equivalent  or  modified  antenna  aperture,  possibly  of  a 
number  of  radiators  whose  phases  and  amplitudes  have  been  adjusted  according 
to  the  original  excitation  and  the  effects  of  the  radome,  and  it  remains  to  com¬ 
pute  the  radiation  pattern  of  this  modified  aperture.  (See,  for  example, 

Reference  7  and  Reference  5,  Chapter  13  by  Samuel  Wolin.)  This  is  done  by 
conventional  antenna  theory  and  leads  to  a  vector  sum  of  the  respective  field 
intensities  evaluated  at  the  various  points  in  the  far-field  region  of  interest. 


This  is  a  fairly  complete  analysis  and  can  be  in'erpreted  in  terms  of  signal 
loss,  pattern  distortion,  tracking  error,  or  other  characteristics  as  may  be 
required. 

Where  tracking  error  is  the  problem  of  greatest  interest,  it  is  much 
simpler  and  more  profitable  to  apply  ray-tracing  techniques  exclusively 
rather  than  to  attempt  to  combine  them  with  radiation  pattern  calculations. 
(See,  for  example,  Reference  5,  Chapter  4  by  H.  A.  Schetne.)  F’or  example, 
one  can  take  the  central  ray  of  the  antenna  and  observe  its  deflection  upon  its 
passage  through  the  radome,  For  this  purpose  only  Snell's  law  of  refraction 
and  simple  geometrical  principles  are  required,  although  the  computation 
must  be  carried  out  very  carefully  so  that  the  small  deviation  of  the  ray  will 
be  correctly  determined.  The  results  of  some  calculations  of  this  type  which 
were  carried  out  for  configurations  intended  to  represent  typical  foamed 
plastic  radomes  are  presented  in  Fig.  4.  Several  points  were  also  calculated 
by  finding  the  insertion  phase  difference  for  several  rays  and  the  resultant 
tilting  of  the  antenna’s  equiphase  contours.  These  points  agree  fairly  closely 
with  the  calculations  of  the  refraction  of  the  central  ray  only. 

For  aniall  antennas  and  radomes,  the  optical  methods  described  above 
cannot  be  used,  and  the  problem  must  be  attacked  by  a  more  exact  formulation 
of  t.he  electromagnetic  problem.  This  is  particularly  true  when  the  antenna 
and  radome  are  in  very  close  proximity.  Fortunately  this  is  not  the  case  for 
large  ground-based  radomes,  and  we  need  not  be  concerned  with  tins  problem 
here. 
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STRUCTURALLY -SUPPORTED  RADOMES 


The  fo  regoing  section  describes  analytical  methods  that  apply  primarily 
to  radomes  with  uniform  walls  such  as  the  widely  used  air*  inflated  radomes 
or  the  r i id  foamed  plastic  types  now  hemp  developed.  In  contrast,  a  complete¬ 
ly  different  approach  is  employed  in  the  analysis  of  radomes  which  consist  of 
a  structural  frame  covered  with  thin  plastic  sheets.  Ir.  such  cases,  the  struc¬ 
ture  itself  is  responsible  for  most  of  the  rademe’s  electrical  effects,  and 
attention  is  therefore  focussed  on  the  disturbances  in  the  electromagnetic 
fields  caused  by  the  ribs  and  other  parts  of  the  structure.  Essentially,  these 
effects  are  explained  and  analyzed  in  terms  of  the  currents  that  are  induced  on 
or  within  the  ribs  by  the  fields  of  the  antenna.  These  currents  arc  required  in 
order  to  satisfy  the  boundary  conditions  in  the  electromagnetic  formulation  of 
the  problem,  and  it  is  the  radiation  from  them  that  distorts  the  antenna  charac¬ 
teristics.  This  radiation  is  frequently  referred  to  as  “scattered”  radiation, 
and  the  addition  of  it  to  the  original  undisturbed  fields  gives  the  field  configura¬ 
tion  exists  when  the  radome  or  other  "scatterer”  is  present. 

The  currents  induced  on  a  conducting  surface  arc  frequently  encountered. 
For  example,  if  there  is  a  plane  wave  incident  on  a  plane  conducting  sheet,  it 
is  known  that  the  electric  field  must  be  zero  at  this  surface  and,  as  a  conse¬ 
quence,  the  magnetic  field  just  outside  the  surface  is  twice  that  of  the  undistur¬ 
bed  incident  field.  Furthermore,  electric  currents  must  flow  on  the  conducting 
surface  in  order  to  satisfy  Ampere's  law.  It  is  possible  and  correct  to  visua¬ 
lize  these  currents  radiating  in  the  absence  of  the  metal  sheet;  that  is,  both 
back  toward  the  source  of  energy  and  in  the  original  direction  of  propagation. 
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The  latter  radiation  will  cancel  the  incident  energy  and  produce  zero  net  field 
in  the  space  beyond  the  metal  sheet.  (At  least  this  is  one  way  of  looking  at  it.) 
With  this  brief  review  we  can  discuss  what  happens  when  a  conducting  cylinder 
is  placed  in  an  electromagnetic  field.  As  might  be  expected,  the  current  is 
more  intense  on  the  side  toward  the  source,  and  in  the  case  where  the  electric 
field  is  parallel  to  the  axis  of  the  cylinder,  the  currents  are  also  parallel  to 
the  axis.  If  the  magnetic  field  is  parallel  to  the  axis,  the  electric  current  runs 
circumferentially  around  the  cylinder,  and  by  using  the  equivalence  of  a  current 
loop  to  a  magnetic  dipole,  it  can  be  said  that  there  is  magnetic  current  parallel 
to  the  cylinder's  axis. 

The  volume  currents  which  flow  inside  a  dielectric  body  when  it  is  placed 
in  an  electromagnetic  field  are  somewhat  more  difficult  to  visualize  than  sur¬ 
face  currents,  but  'ike  them,  they  are  necessary  to  satisfy  the  boundary  condi¬ 
tions  of  the  problem  and  are  responsible  for  the  scattered  radiation. 

However,  for  purposes  of  radome  analysis,  we  are  not  so  much  interested 
in  these  currents  themselves  as  in  their  effects,  and  for  this  reason  it  is  most 
convenient  to  assume  an  equivalent  current  along  the  axis  of  the  cylinder  which 
has  the  same  radiation  as  the  actual  current  and  then  to  relate  this  equivalent 
current  to  the  incident  field.  Thus,  a  rib  of  a  given  type  is  characterized  by 
its  "induced  current  ratio",  which  is  the  ratio  of  the  total  effective  current 
in  the  rib  to  the  total  equivalent  current  in  a  strip  of  the  aperture  having  the 
same  width  as  the  rib  itself.  This  definition  can  be  applied  to  ribs  of  all  shapes 
and  materials  placed  in  fields  of  any  polarization  and,  furthermore,  the  current 
ratio  can  be  evaluated  by  fairly  simple  experiments. 
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To  illustrate  some  typical  values  for  this  ratio,  we  shall  now  present  data 
for  metal  and  dielectric  cylinders  which  has  been  obtained  analytically  and 
checked  experimentally  .  Fig.  5  gives  data  which  applies  to  metal  ribs.  It 
is  apparent  that  the  induced  current  is  greater  when  the  electric  field  is 
parallel  to  the  cylinder  axis  than  when  it  is  perpendicular  to  the  axis.  Further¬ 
more,  the  use  of  a  smaller  number  of  larger  ribs  would  be  advantageous  in 
comparison  with  a  larger  number  of  smaller  ribs  having  the  same  total  pro¬ 
jected  area  since  the  total  induced  current  would  be  less.  Fig.  6  shows  the 
induced  current  ratio  for  dielectric  ribs.  Here,  both  the  dielectricoonstant 
and  diameter  must  be  considered,  and  it  will  be  noted  that  the  currents  are 
comparable  for  both  polarizations.  In  addition  to  these  cylinders,  for  which 
the  results  were  mainly  obtained  by  calculation,  ribs  with  rectangular  cross- 
sections  have  been  studied  experimentally,  and  data  on  the  induced  current 
ratio  as  a  function  of  both  width  and  depth  are  given  in  Reference  8. 

The  possibility  of  reducing  the  scattering  from  a  metal  cylinder  by 
surrounding  it  with  a  concentric  dielectric  sleeve  has  been  investigated 
analytically  and  experimentally,  and  the  general  results  are  indicated  by 
Figs.  7  and  8.  It  will  be  noted  that,  the  scattering  from  smaller  cylinders  can 
be  reduced  more  than  that  from  larger  cylinders,  and  calculations  show  that 
the  degree  of  improvement  ,  for  any  given  core  diameter,  does  not  vary  much 
with  the  dielectric  constant  of  the  sleeve,  although,  as  would  be  expected,  the 
optimum  sleeve  diameter  is  greater  for  a  lower  dielectric  constant.  Unfor¬ 
tunately,  the  sleeve  has  the  disadvantage  of  increasing  the  scattering  when  the 
electric  field  is  perpendicular  to  the  cylinder  axis,  and  whether  this  difficulty 
can  be  minimized  is  not  yet  known. (The  data  given  is  for  parallel  polarization.) 
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The  data  presented  on  the  induced  current  ratio  was  obtained  by  analysis 
of  an  infinite  cylinder,  so  it  remains  to  examine  the  radiation  frem  a  finite 
cylinder  such  as  a  radome  rib.  When  a  cylinder  at  least  several  wavelengths 
long  is  being  considered,  the  currents  on  the  object  are  ve  1  v  nearly  the  same 
as  if  the  object  were  a  section  of  an  infinitely  long  cylinder.  With  this  assump¬ 
tion,  the  radiation  from  a  group  of  ribs  can  be  determined  by  linear  antenna 
theory.  Consequently,  when  an  array  of  parallel  ribs  is  considered,  the  pattern 
is  quite  directive  in  a  plane  parallel  to  the  ribs  and,  in  addition,  a  series  of 
lobes  is  observed  in  a  plane  perpendicular  to  the  ribs  because  of  the  inter¬ 
ference  between  the  radiation  from  the  various  members,  This  is  illustrated 
by  Fig.  9.  By  these  considerations,  the  scattered  fields  can  be  described 
qualitatively,  and  the  induced  current  ratio  is  the  key  to  the  quantitative 
evaluation.  The  standard  example  for  explanation  here  is  a  plane  array  of 
several  equally-spaced  and  parallel  ribs  placed  in  an  antenna  aperture,  The 
first  step  in  the  analysis  is  to  visualize  the  aperture  as  being  composed  of  a 
number  of  strips  having  the  same  width  as  the  radome.  With  a  proper  assump¬ 
tion  of  the  antenna  excitation,  the  equivalent  currents  on  the  various  strips  can 
be  found,  and  this  establishes  a  figure  for  the  total  antenna  signal,  that  is,  the 
main  beam  signal  strength.  The  induced  currents  in  the  various  ribs  are  then 
found  as  the  product  of  the  equivalent  current  of  the  excitation  and  the  induced 
current  ratio  of  the  type  of  rib  in  question.  The  sum  of  the  currents  in  the 
various  ribs  then  establishes  a  figure  for  the  scattered  radiation,  A  numeri¬ 
cal  example  of  this  type  of  calculation  is  given  in  reference  8. 

This  procedure  is  also  used  in  one  method  of  measuring  the  induced 
current  ratio.  A  simple  array  of  parallel  ribs  and  an  antenna  is  arranged  as 
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shown  in  Fig.  ')  with  thr  spacing  between  ribs  chosen  so  that  the  secondary 
lobes  of  the  scattered  radiation  can  be  easily  distinguished  from  the  antenna 
radiation.  The  pattern  of  this  assembly  is  recorded  and  the  intensity  of  the 
scattering  relative  to  the  antenna  signal  is  noted.  With  the  dimensions  of  the 
antenna  and  ribs  taken  into  account,  this  figure  serves  to  evaluate  the  induced 
current  ratio  for  the  ribs  under  test. 

When  the  ribs  do  not  form  such  a  regular  pattern,  but  rather  the  irregular 
patterns  which  are  typical  of  practical  space-frame  designs,  the  analysis  is 
much  more  complicated  but  not  really  different  in  principle.  Basically,  it  ;s 
necessary  to  find  the  current  on  each  rib  by  a  consideration  of  its  excitation 
and  induced  current  ratio.  In  general,  a  given  rib  will  be  neither  exactly 
parallel  nor  perpendicular  to  the  electric  field,  and  there  will  be  two  types  of 
scattering  from  ’t  -  one  due  to  the  parallel  component  and  the  other  due  to  the 
perpendicular  component.  Now,  with  these  various  currents  established,  it 
remains  to  integrate  their  effects  in  order  to  determine  the  total  scattered 
field.  This  is  a  formidable  task  under  any  circumstances  and  perhaps  would 
be  feasible  only  with  a  great  deal  of  simplification. 

One  method  which  has  been  devised  for  doing  this  makes  use  of  a  geome¬ 
trical  description  of  the  constant-phase  and  constant-amplitude  contours  of  the 
radiation  from  each  rib,  and  a  systematic  procedure  for  adding  up  the  contri¬ 
butions  of  each  rib  to  the  total  field  at  any  specified  test  point.  The  spacing  of 
the  constant-amplitude  contours  is  determined  by  the  length  of  the  rib,  while 
their  rotation  corresponds  to  the  inclination  of  the  rib.  On  the  other  hand,  the 
orientation  of  the  constant-phase  contours  depends  on  the  position  of  the  center 
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of  the  rib  relative  to  the  center  of  the  ariay,  and  the  spacing  between  their,  is 
determined  by  the  distance  in  wavelengths  between  the  origin  and  the  rib  center. 
With  the  radiation  of  each  rib  described  in  terms  of  the  quantities  mentioned 
above,  the  computation  proceeds  by  choosing  a  point  at  which  the  radiation  is 
to  be  found,  and  then  calculating  the  in-phase  and  quadrature  components  of 
each  rib's  contribution  in  turn  by  formulas  which  are  derived  from  the  geome¬ 
trical  description  of  the  contours.  The  details  of  describing  each  rib's  radia¬ 
tion  and  the  computer  procedure  for  computing  the  total  pattern  are  described 
in  Reference  9. 

One  application  of  this  procedure  would  occur  in  studying  the  advantages 
of  a  "random"  rib  geometry  over  a  more  uniform  rib  geometry.  It  is  appar¬ 
ent  that  extreme  concentrations  of  scattered  energ  ,  such  as  occur  with  a 
perfectly  regular  array  of  parallel  ribs,  can  be  avoided  to  some  extent,  but 
the  degree  of  improvement  depends  on  many  factors,  such  as  the  lengths  and 
spacings  of  the  ribs,  besides  the  extent  to  which  the  orientation  of  the  ribs  is 
made  non-uniform. 

We  have  been  referring  to  the  scattered  radiation  as  if  it  existed  inde¬ 
pendently  of  the  radiation  from  the  antenna  itself;  this  it  does  not  actually  do, 
and  of  course  the  real  Droblem  is  to  predict  the  antenna  pattern  after  the 
radome  has  been  put  in  place.  This,  by  the  definition  of  scattered  energy,  is 
the  sum  of  the  incident,  or  undisturbed,  signal  and  the  signal  reradiated,  i.e, 
scattered,  by  the  parts  of  the  radome;  and  in  principle  the  total  field  can  be 
found  by  adding  these  two  components  at  each  point  of  interest.  To  do  this, 
one  must  make  the  best  possible  assumption  for  the  antenna  excitation, 
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compute  the  antenna  radiation  hy  the  standard  methods  and  the  scattered 
radiation  hy  the  methods  outlined  above,  and  then  find  the  vector  sum  of  these 
at  each  point  of  interest.  This  point  of  interest  may  he  in  the  center  of  the 
antenna  beam,  in  the  sidelohe  region  of  the  antenna,  or  at  the  "c'-oss  over" 
point  if  a  tracking  system  is  being  studied.  At  the  time  of  this  writing,  the 
manner  in  which  the  currents  induced  in  a  space-frame  radome  introduce 
boresight  error  is  not  understood  very  well,  hut  the  most  promising  theory  is 
that  the  error  is  due  to  the  non-uniformity  ot  the  radome.  Whether  the  track¬ 
ing  depends  on  phase  comparison  or  amplitude  comparison  or  whether  simul¬ 
taneous  or  sequential  lobing  is  used,  several  different  signals  from  slightly 
different  antenna  arrangements  must  be  compared,  and  it  is  possible  that  the 
error  may  be  introduced  as  the  antenna  "looks"  through  two  different  sections 
of  the  radome.  If  the  problem  can  actually  be  analyzed  by  this  approach,  the 
procedures  relating  to  the  induced  currents  and  their  effects  will  be  directly 
applicable . 

ACCURACY  OF  PERFORMANCE  PREDICTIONS 
In  discussing  the  degree  to  which  analytical  predictions  will  be  borne  out 
by  experiment,  the  conclusions  will  be  somewhat  different  for  the  two  general 
classes  of  radomes  discussed,  principally  because  a  greater  amount  of  exper¬ 
ience  has  been  accumulated  in  the  application  of  radomes  with  uniform  walls. 
The  tabulated  characteristics  of  eletrical  characteristics  can  be  used  confi¬ 
dently  under  ordinary  circumstances,  and  the  serni-optieal  methods  of  analysis 
will  be  successful  where  the  criteria  of  having  a  large  antenna  and  radome 
are  met. 
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The  prediction  of  the  performance  of  structurally-supported  radomes  is 
far  from  an  exact  science  for  two  reasons:  first,  the  unknown  (although 
measurable  with  great  difficulty)  nature  of  antenna  characteristics  in  some 
cases,  and  second,  several  factors  winch  are  recognized  but  not  yet  fully 
understood  in  the  present  state  of  the  analysis.  The  former  is  especially  true 
when  changes  in  the  side  lobe  level  arc  investigated.  If  the  antenna  sidelobes 
are  more  the  result  of  construction  errors  than  of  deliberate  design,  then 
their  amplitude  and  phase  cannot  possibly  be  known  with  enough  accuracy  to 
permit  adding  the  scattered  signal  to  get  an  accurate  picture  of  the  sidelobe 
structure  with  the  radome  in  place.  However,  a  calculation  of  the  scattered 
signal  can  be  used  to  set  an  upper  limit  on  the  sidelobe  signal  increase.  If 
this  can  be  accepted  as  a  useful  result,  a  comparative  evaluation  of  competi¬ 
tive  radome  designs  can  be  made  accurately.  The  same  general  remarks  apply 
to  the  calculation  of  signal  attenuation  except  that  somewhat  better  results  can 
be  obtained  for  this  quantity  because  the  antenna  main  lobe  is  much  less  sensi¬ 
tive  to  antenna  errors. 

Further  refinements  are  being  made  in  the  theory  which  should  eventually 
improve  the  accuracy  of  predictions.  These  relate  principally  to  the  change  in 
the  scattering  from  a  rib  when  it  is  not  normal  to  the  direction  of  propagation 
-  the  original  analysis  was  limited  by  this  assumption.  In  addition,  the 
scattering  from  the  individual  ribs  is  being  exhaustively  studied.  Still  another 
question  which  will  be  answered  conclusively  is  that  of  electrical  interaction 
between  ribs  in  the  array.  If  theBe  points  can  be  successfully  resolved,  the 
prediction  of  structurally-supported  radome  performance  will  be  limited  main- 
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ly  by  the  accuracy  ol'  our  knowledge  about  the  excitation  of  the  antenna  with 
which  the  radome  is  to  be  used  and  by  any  voluntary  restriction  of  effort  in 
carrying  out  detailed  analyses. 

REFERENCES 

1.  Radar  Scannc  rs  and  Radomes,  McGraw-Hill  Book  Company,  Inc.,  1948. 

2.  “Graphs  of  Transmission  and  Phase  Data  of  Plane  Dielectric  Sheets  for 
Radome  Design”,  Report  No.  NADC-EL-5313,  1  July  1953,  U.S.  Naval  Air 
Development  Center. 

3.  “Tables  of  Transmission  and  Reflection  Coefficients  of  Lossy,  Symmetri¬ 
cal  Dielectric  Radome  Sandwiches”,  Report  No.  NADC-EL-52188,  22  Oct. 
1953,  U.  S.  Naval  Air  Development  Center. 

4.  Webster,  R.  E.,  Moore,  D.  P.,  “Transmission  Coefficients  of  Ellipticaliy 
Polarized  Waves  Incident  on  Homogeneous  Isotropic  Prnels",  Report  No. 
663-5,  31  December  1956,  Antenna  Laboratory,  The  Ohio  State  University 
Research  Foundation;  prepared  under  Contract  AJF  33(6l6)-3277,  Air 
Research  and  Development  Command,  Wright  Air  Development  Center, 
Wright-Patte rson  Air  Force  Base,  Ohio.  (Report  Confidential) 

5.  Techniques  for  Airborne  Radome  Design,  Technical  Report  No.  57-67, 
September  1957,  Wright  Air  Development  Center,  ASTLA  Document  No. 

AD  142  001.  (Report  Confidential) 

6.  Stratton,  J,  A.,  Electromagnetic  Theory,  McGraw-Hill  Book  Company, 
1941. 


17 


I'rii olrs,  Ci.,  ‘‘A  Physual  Ontirs  lladomc  Error  Prediction  Method", 
Proceedings  of  The  OSU-WADC  Hadome  Symposium,  June  1957,  ASTIA 
Document  No.  Al)  150  950,  (Report  Confidential) 

"Effects  of  Radome  Discontinuities  on  Antenna  Patterns",  Final  Eng/, 
Report  722-4,  31  December  1957,  Antenna  Laboratory,  The  Ohio  State 
University  Research  Foundation;  prepared  under  Contract  AF  30(602  )- 
1620,  Rome  Air  Development  Center,  Griffis  Air  Force  Base,  New  York. 
"Effects  of  Radome  Discontinuities  on  Antenna  Patterns",  Interim  Engr. 
Report  7 2 2 -- 6 ,  1  July  1956,  Antenna  Laboratory,  The  Ohio  State  University 
Research  Foundation;  prepared  under  Contract  AF  30(602 )— 1620,  Rome 
Air  Development  Center,  Griffis  Air  Force  Base,  New  York. 


18 


JiNGLE  Of  INCIDENCE  in  degrees 


CHARACTERISTICS  OF  LOSSLESS  THIN  RADOME  WALLS 
(  PERPENDICULAR  POLARIZATION). 


INSERTION  PH&SE  D'FFEflENCie  . 
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VOLTAGE  TP  AN  SCISSION  COEFFICIENT 


FIG.  2.  CHARACTERISTICS  OF  LOSSLESS  HALF-WAVE  RADOME  WALL 
(PERPENDICULAR  POLARIZATION,  £r  =  1.2). 


ANGLE  OF  INCIDENCE  IN  DEGREES 
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ANGLE  OF  INCIDENCE  IN  DEGREES 

FIG.  3.  CHARACTERISTICS  OF  SANDWICH  RADOME  WALL 
(PERPENDICULAR  POLARIZATION). 
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FIG.  5.  INDUCED  CURRENT  RATIO  FOR  METAL  CYLINDERS. 
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INDUCED  CURRENT  RATIO 


Core  Diomoter  In  Wavelengths 


FIG.  8.  OPTIMUM  SLEEVE  DIAMETER  VS  CORE  DIAMETER 

FOR  SLEEVE  WITH  RELATIVE  DIELECTRIC  CONSTANT  OF  16. 
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jurposc 

It  is  the  purpose  o!'  this  paper  to  discuss  the  nature,  extent  and 
reliability  ol  wind  speed  infoimation  available  which  1g  applicable 
to  the  design  o!'  land -bused  rudomes.  A  secondary  purpose  is  to  indicate 
what  information  should  be  secured  by  the  meteorologist  f or  use  by 
designers  in  the  refinement  of  radome  structural  design. 

background 

In  the  past,  steady  state  structural  design  techniques  have  been  used  and 
dynamic  and  miscellaneous  effects  have  been  incorporated  in  th.  "catch-all" 
term  safety  factor.  Large  structural  safety  factors  representing  extra 
material  cannot  be  permitted  if  the  severe  electrical  .requirements  are  to 
be  met.  However,  before  optimum  structural  design  with  maximum  electrical 
performance  can  be  achieved,  r  quantitative  knowledge  of  the  wind  speed 
environment,  both  ' steady  state '  and  transient,  is  essential. 

The  atmosphere  is  simply  a  low  density  fluid  with  various  portions 
nt  elc/ated  energy  levels  primarily  as  a  result  of  solar  radiation.  Energy 
o.nd  momentum  transfer  take  place  resulting  in  wide  ranges  of  atmospheric 
turbulence,  even  down  to  the  molecular  level.  Tiius,  there  is  never  really 
a  'steady'  wind  and  anemometers  producing  such  records  are  simply  too 
insensitive  to  detect  the  .smaller,  high  frequency  turbulence.  However, 
the  energy  of  a  portion  of  the  atmosphere  may  fluctuate  around  a  particular 

The  work  reported  in  this  document  tens  performed  ol  Lincoln  Laboratory,  a  technical  center  operated 
by  Massachusetts  Institute  of  I  cchnolopy  uith  the  joint  support  of  the  Army,  A  av),  and  Air  force 
under  contract. 


29 


1  cvel 


for  a  time  .urn  /in  average  force  •orrcspor.ding  t>  a  Vcndy  wind 
is  exerted  on  structures.  As  storms  develop,  the  average  energy  level, 
as  represented  by  the  average  "steady  state'  speed,  increases.  This  Is 
usually  a  gradual  process  with  Long  intervals  at  high  average  speeds 
possible  and  there  often  are  periods  of  extreme  average  speeds  of  short 
duration  and  one  or  more  peak  gusts.  Ihe  storm  usually  subsides  in  the 
same  fashion. 

Prom  the  standpoint  of  tne  radome  or  antenna  designer,  the  dynamic 
or  unsteady  state  character  of  the  wind  environment  is  represented  by  the 
momentary  fluctuations  that  go  to  make  up  the  ’average"  wind  speed.  Gust 
periods  from  10-min  to  0.1-sec  or  less  are  considered  pertinent  for  radome 
and  antenna  design.  Prom  the  standpoint  of  the  meteorologist  interested 
in  predicting  long-term  weather  patterns,  however,  the  velocity  or  power 
fluctuations  with  periods  lasting  days  and  we cits  are  important. 

Whether  or  not  a  gust  represents  a  steady  state  or  a  transient  load 
on  a  structure  depends  upon:  (l)  the  relative  size  of  the  gust  and  the 
structure,  (2)  the  dynamic  response  rate  of  the  structure,  and  (3)  the 
rapidity  with  which  a  change  in  wind  velocity  con  be  translated  into  a 
change  in  static  pressure  distribution  around  a  structure.  At  high  wind 
speeds,  say  150-mph,  some  eddies  which  create  short  period  gusto  may  have 
the  physical  dimensions  equal  to  or  exceeding  those  of  the  radomes  and 
consequently,  such  gusts  may  represent  steady  state  rather  than  transient 
loads  on  the  radome.  With  "average"  or  small  gusts  and/or  very  large 
radomes,  either  the  full  velocity  effect  is  not  experienced  or  local  gust 
loading  is  experienced,  and  either  case  represents  effectively  a  transient 
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loading.  Available  e.lder.:e  indicates  cons lderaole  variation  in  the 
snape  and  the  <.i  urr.  ts  as  a  result  of  many  factors,  which  a_  e  dis- 

"ir.r.ed  inter,  it  Is  suite  possible  that  a  (just  which  will  encompass  a 
i 'o  (.’.round  rndone  lor./; ii.ud Inal ly  ma;.'  not  do  so  laterally  or  vertically. 

Ver  unusual  external  pressure  distributions  would  result  on  the  radomes 
and  these  cculd  be  superimposed  on  non-uni  form  pressure  distributions 
resulting  .‘'-cm  buildings,  etc.,  in  the  upstream  velocity  field.  Many 
structural  problems  ear.  arise  as  a  result  of  the  complex,  dynamic 
character  of  the  wind.  TV.c  most  obvious  is  fatigue  1'aiJurc  as  a  result 
uf  stress  reversals.  All  turbulence  above  certain  amplitudes  and 
1  regencies  is  ircportai'.t.  Further,  (justs  above  a  (riven  amplitude  super¬ 
imposed  on  a  stress  level  corresponding  to  150-mph  steady  wind,  for 
example,  are  much  more  harmful  than  the  name  (justs  at  the  50-mph  level. 

Extent  and  HcliabLlity  of  Existing  Data 

Introduction  -  'Ihc  most  important  information  is  the  upper  limit  of  wind 
speeds,  their  frequency  and  the  turbulence  at  these  high  energy  levels. 
The  frequency,  duration  and  turbulence  of  moderate  winds  decreases  in 
importance  as  trie  speed  decreases,  find  speed  levels  less  than  40-50-mph 
will  not.  be  considered  unless  data  at  higher  levels  are  not  available. 
Hudar  equipment  is  often  located  atop  mountains  or  high  cliffs  which  can 
and  do  experience  speeds  at  least  100  percent  higher  than  adjacent 
low-level  and  often  sheltered  meteorological  stations.  Such  signi¬ 
ficant  differences  are  caused  by  elevation,  simple  orographic  velocity 
gradients,  such  topographical  features  as  funnels  (P-Mountoin,  lhule) 
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and,  of  course,  t.he  above-mentioned  she  1  ter  in,;.  It  w  veil  ••ntubj  irdicd 
that  per  lode  of  strong  wind.*;  occur  with  hurrleai.ee  find  intense 
cyclonic  storms  ol'  t.he  middle  and  northern  latitudes.  The  latter 
storms  predominate  during  the  winter  half  o!'  the  year  and  are  most 
intense  over  oceanic  areas.  Consequently,  radome  sites  rJ  ong  coastal 
areas,  or  on  islands,  are  more  frequently  exposed  to  strong  winds  than 
those  in  the  interior  of  large  land  masses. 

One  of  the  principal  reasons  for  the  lack  of  reliable  data  in 
come  regions  of  interest  has  been  the  employment  of  completely 
inadequate  instrumentation.  Ice  accumulation,  g.aze  or  rime,  on  the 
unheated  cup  or  vane  anemometers  alters  their  aerodynamic  che  -acter- 
lstics,  they  read  low  and  are  frequently  destroyed.  Figure  Is  an 
actual  photograph  of  a  thoroughly  iced  cup  anemometer.  Hi  is  is  a 
typical  operating  installation  ata  NEAC  site  and  the  photograph  was 
taken  by  Lincoln  Laboratory  personnel  at  Saglek  Bay,  Newfoundland 
during  November,  1955.  Note  the  proximity  of  the  anemometer  to  the 
buildings.  Rime  is  a  porous  ice  (SG~0.5)  caused  by  impingement  of 
supercooled  water  droplets  (see  Figure  2).  Heavy  riming  occurs  during 
severe  storms  in  the  Arctic,  particularly  at  high  elevations  and  near 
bodies  of  water.  Light  riming  occurs  almost  continually  in  the  latter 
areas.  Because  of  the  importance  of  icing  conditions  the  arctic  and 
temperate-tropical  data  ore  considered  separately. 

Steady  State  Data 

Arctic  -  Migratory  cyclones  along  the  east  coast  of  the  continent 
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FIGURE  1 


* 


Rime  ice  accumulation  on  an  unheated  cup  anemometer  at 
Sa^lek,  November  1955. 


FIOUBE  2  Topical  rime  feathers  atop  Ho|mt  Mashlngton> 


New  Hampshire 5 


f.  :■  speed..  1 •  he  habrndor  -  Greenland  -  Kaffir.  Inland 

urea.  The  bent-  d»'a  from  mi  elevated  site  In  the  path  ol'  such 
v;  clone*  ;o  the  long  record  from  Mount  .7a di ingtor.  Observatory. 

Even  though  this  r.tation  is  well  south  of  th.e  Arctic,  it  provides 
a  good  »;uide  nr.  to  what  could  tic  expected  at  a  similarly  exposed 
site  fUrt.iicr  to  see  northeast.  Tn  many  respects  the  ihule  exposure 
is  similar  to  that  oi'  Mount  ./ashing ton. 

ilie  privately  owned  Mouth  .’nshingtun  Observatory  (elevation 
t),vbO  I't  )  has  maintained  a  !  irst  order  weather  s  ation  at  the 
summit  since  about  1933*  liable  1  shows  a  summary  oh  the  expectancy 
(days/month)  o;'  5-min  averages  of  var. leg  neon  wind  speed  levels 
for  the  period  1933*^3  and  the  maximum  p-i.un  averages  tor  the 
period  1933-92.  'flic  top  of  the  mountain  is  indeed  a  windy  spot 
with  winds  creator  than  100-mph  expected  to  occur  5-7  dayB/month 
during;  the  winter.  The  highest  wind  speeds  officially  recorded 
in  America,  occurred  here  or.  April  11-12,  193^  and  were  published 
In  the  press  as  a  peak  gust  of  231-mph  (approximate  duration  I.2-scc). 
However,  Mount  ,'ash  ington  Observatory  personnel  indicated  that  the 
value  must  be  reduced  to  l05-mph  primarily  to  correct  for  the 
lifting  effect  of  the  wind  sweeping  up  the  southeast  slope  against 
the  anemometer,  whose  rotor  plane  was  not  quite  horizontal.  Ibis 
is  a  large  correction  o.nd  since  the  loading  is  proportional  to 
the  velocity  squared,  the  accuracy  of  such  a  correction  is  rather 
Important.  A  short  written  description  of  the  account  of  another 
severe  storm  is  illustrative  of  the  conditions  and  the  difficulty 
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of  securing  iv -urate  data.  In  De-e:nbe:,  ]/*.',  :i\.rr  ic;>.ne  -inds 
lasted  :'m-  a  hill  week.  On  the  day  when  the  wind:;  seemed  •;  ie 
reaching  a  climax,  an  observer  tried  to  reach  the  anemometer  bu' 
was  unable  to  111';,  his  arms  to  even  get  onto  the  ladder.  jhe 
velocity  went  unrecorded,  but  was  estimated  near  200-nph.  Later 
in  the  day  the  anemometer  was  do- iced  and  a  5-min  average  showed 
140-raph  or  approximately  170-175-mph  gusts.  Early  in  their  histor 
a  modified  heated  cup  anemometer  or  ielton  Type  ./heel  was  employed 
ar:d  apparently  was  not  considered  very  successful  at  hi, -/a  wind 
speeds.  Since  1946-43  a  heated  pressure  tube  anemometer  has 
been  adopted  as  the  standard  and  the  data  since  then  are  con¬ 
sidered  more  accurate  than  previously. 

Next  of  value  are  data  from  the  various  defense  line  sites. 
Quite  frequently  they  are  atop  mountains  and  cliffs  and  even  when 
at  fairly  low  elevations  are  more  exposed  than  the  usual  Canadian 
weather  stations  in  the  Arctic,  'ihule  and  the  Foie  Vault-line 
Tree  complex  were  the  first  systems  installed  and  arc  in  a 
geographical  region  of  high  winds  as  confirmed  by  their  data. 

A  summary  (10)  is  available  of  maximum  wind  data  from  nine  ACS :./ 
cites  of  the  64th  Air  Division  for  the  period  January  V)cjh  to 
February  1956  inclusive.  The  extreme  gust  speeds  arc  presented 
in  Table  2  and  the  one-minute  mean  -wind  speeds  at  the  time  of 
extreme  gusts  in  Table  3>  At.  analysis  of  these  data  in  terms  of 
maximum  gust  factors  is  presented  later,  the  percentage  frequency 
of  maximum  daily  gaist  speeds  is  shown  in  Table  4.  'itc  authors  of 
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the  report  state  —  the  representativeness  of  the  records  to 
true  wind  speed  is  not  considered  high"  —  ar.d  consider  the 
primary  reasons  to  be  inadequate  instrumentation  and  poorly  selected 
anemometer  locations.  We  further  observe  that  on  the  average  the 
records  were  available  for  a  total  of  only  13  full  months  during 
the  indicated  26-month  period,  i.e.,  January  1954  to  February  1956. 

Lincoln  Laboratory  has  installed  two  55-it  rigid  rodomes  at 
two  IJEAC  sites  reported  to  have  extremely  severe  weather.  A  care¬ 
ful  survey  ’was  made  of  the  wind  records  for  these  locations  and 
is  reported  in  detail  below. 

One  radome  was  installed  at  Thule,  Greenland,  August  1955 
and  is  atop  F- Mountain,  which  is  2400- ft  above  the  surrounding 
smea,  2650-i‘t  above  sea  level.  The  radome  is  s.  tuated  such  that 
there  is  a  strong  funneling  effect  for  winds  from  the  east-BOUth 
quadrant  and  the  record  shows  95  percent  of  the  winds  above  60-mph 
come  from  the  SE.  For  the  period  8-55  to  4-58  the  frequency  of 
peak  gust3  and  one-hour  averages  for  various  wind  speeds  is 
presented  in  Ihble  5* 

TABLE  5 

Frequency  of  Occurrence  of  High  Winds 
P-Mt.  Thule,  Greenland;  El  -2650- ft 

Period  'f  Record:  October  1955  ~  March  1958^ 

Wind  Speed,  MPH  >  125  124-100  99-75  74-40 

ifumber  of  Occurrences  ,  . 

Peak  Gusts  1  (125-130)'^  4  9  126 

1  hr.  Averages  0  1  (115)  3  43 

(1)  Estimated  -  Wind  speed  beyond  range  of  recorder. 

(2)  Data  from  daily  reports  sent  to  Lincoln  Laboratory 
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In  October  1955 >  Lincoln  Laboratory  personnel  observed  u 


storm  in  which  1-2  minute  average  wind  speeds  obtained  from  an 
Indicator  (0-150-raph  range),  operated  b  the  output  voltage  of  the 
three  cup  anemometer  (which  simultaneously  operated  the  standard 
recorder ),  exceed  115-raph  for  approximately  a  £-1  hour  period. 

Gusto  reached  130-135-nph.  In  May  1953,  a  storm  occurred  which, 
according  to  civilian  personnel  present,  pinned  the  recorder 
needles  at  the  limit  of  their  scale,  i.c.,  125-mph.  Estimates  of 
the  peak  gusts  vary  from  150  to  l80-mph.  In  the  three  year  period, 
1955*50,  gustG  —  105-mph  have  been  reported  six  times. 

The  second  rodome  was  erected  at  Sa&lek,  JUne  1956. 

Figure  3  is  a  photograph  of  the  Saglek  installation  on  the  tip 
of  on  l800- ft  cliff  rising  fran  the  open  6ea  providing  very  strong 
orographic  lifting  as  the  winds  blow  off  the  sea  up  over  the  cliff. 
A  record  from  10-15-5.3  to  9-13-5**  obtained  from  the  construction 
contractor,  Canadian  Marconi  Company,  (12)  and  two  AWS  reports  (2) 
(11)  la  presented  in  Part  B  of  labia  6.  Gusts  in  excess  of 
100-110-mph  occurred  on  at  least  9  days  during  this  period. 

Summarized  Air  Force  data  for  Saglek  during  the  period 
October  195**  to  February  1956  was  presented  previously  in 
Tables  2  and  3>  (Note  that  for  the  first  nine  months  of  this 
period  no  records  were  available.)  V/ind  information  from 
different  sources  present  conflicting  evidence  Id  some  severe 
storms.  On  February  10,  1955,  a  severe  storm  occurred  during; 
which  an  inflated  rubber  radcrne  and  the  antenna  were  destroyed. 


I r.  addition  to  the  standard  125-mph  recorder  an  indicator  with 
n  calc  of  1 50-r.ph  was  in  r.cr'.'ice.  Gusts  were  "eo timated"  by 
construction  personnel  at  l30-mph.  This  storm  would  seem  to 
appear  in  reference  (10)  as  a  105-mph  peak  gust  in  February 
(Thble  2).  itei'eren^e  cj  notes  gusts  of  138-mph  for  this  storm. 

Again  in  November  1955,  Lincoln  Laboratory  personnel  observed  a 
5 tom  with  5-10-mln  average  of  125-mph  with  gusts  up  to  150-l60-mph. 
The  0-150-mph  indicator  was  operating.  'Hie  highest  peak  gust  in 
reference  (10)  lor  this  month  is  02-mph  (see  Table  2). 

During  the  period  June  195&  to  August.  1950,  Lincoln  Lab- 
orator,/  received  daily  data  sheets  concerning  the  performance  of 
the  rigid  rodome  on  which  were  Included  peak  gust  and  maximum 
one  hour  speeds  as  taken  from  the  recorder  at  the  radome  site. 

These  data  are  summarized  in  Part  A  of  Table  6. 

On  September  28,  29,  and  30,  1957,  Lincoln  Laboratory 
personnel  experienced  another  storm  during  which  two  tropo¬ 
spheric  towers  were  blown  down  and  three  anemometers  were  lost. 

The  recorders  were  pinned  and  estimates  of  peak  gust  ranged  from 
the  130-mph  Air  Force  record  (reflected  In  Table  6,  Part  A)  to 
lOO-mph  estimated  by  Arctic  construction  personnel  of  the 
Canadian  Marconi  Company. 

Summarizing,  guscs  in  excess  of  lOO-mph  appear  to  have 
occurred  at  Soglek  at  least  18-19  times  during  the  past  five  years 
aid  in  excess  of  125-mph  at  least  5~6  times. 
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(>-  'uitci.cc  cl  High 
Gaglek  Day,  Ncvioundl and ;  HI  - 1  ‘V  vn - •„ 

inrt  A 


loriod  oi  Record:  June  1950-Augu 

st  1958 

Wind  Speed,  MPH 

,20  120-100 

99-75 

'lumber  c!'  Oceurrenrer* 

leak  Gusts 

5 

40 

1-hr  Average 

1  2 

inrb  !’ 

18 

1’eriod  of  Record:  1953  and  1954 

Approximate 

Wind  Speed 

Date 

MPH 

Remarks 

10-15-53 

80-100 

Presumably  gusts.  Icing 

11-20-53 

90  average;  gusts  from 
jO  to  120  in  seconds. 

12-20-53 

80  average;  gusto  to  120 

3-15-54 

80  average 

Icing 

3-25-54 

Gusto  to  103 

Icing  -  Anemometer  bearings 
frozen 

4-7-54 

00  average 

Anemometer  inoperable 

40£  ol'  time  -  Icing 

4-24-54 

90  average;  Gusts  to  140 
(estimated)  ior  ten  days 

Icing 

7  -  54 

120  mph  peak  gust 

9-13-54 

Gusts  estimated  7  100 

Inflated  radome  destroyed 

10  -  54 

135  rnph  peak  gust 

45 


At  St.  Anthony,  Newfoundland,  the  otora  of  Januari  19th  in  des¬ 
cribed  is  follows  in  reference  2.  "A  rubber  radome  blew  away 
at  gus.s  of  flO-95-mph.  EXiring  the  next  four  hours  the  wind 
increased  to  average  of  110-raph  with  gusts  of  120-mph  to  lhO-mph. 
which  condition  lasted  for  the  next  six  hours."  (Recorder  range 
was  limited  to  125-mph.)  Hie  estimated  peak  gust  of  139-mph 
reported  in  reference  10  apparently  occurred  in  this  storm. 

Hie  Summary  of  reference  10  states  "An  extreme  of  178-raph  was 
reported  (unqualified  estimate)."  This  value  does  not  appear 
elsewhere  in  the  report.  On  3-1^ -55  at  St.  Anthony,  the  recorder 
showed  an  average  of  100-mph  with  gusts  exceeding  125-mph 
(reference  12).  A  vertical  radiation  tower  collapsed.  Hie  next, 
day  the  recorder  was  pinned  at  the  limit  of  its  range  (125-mph) 
and  an  indicating  vacuum  tube  voltmeter  showed  gusts  up  to  150-mph. 
Table  2  (reference  10)  apparently  reports  this  storm  ns  having  a 
peak  gust  of  124-raph. 

Several  Air  Force  surveys  (2)  (11 )  reported  the  following 
peak  gusts  for  1954  only  from  two  other  IJEAC  sites  along  the 
eastern  Canadian  coast  line  which  were  not  reported  in  reference  10. 

Station  Peak  Ousts,  MPH 

Harmon  A.  F.  Base  120  (March);  145  (Hov-Dec);  and  >  90  in 

four  other  months. 

Hopedale  121  (Feb) 

Hie  low-level  radar  sites  experience  much  lower  wind  speeds. 

Hie  relative  frequency  and  duration  of  the  different  levels  of  low 
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j;t.  i  n;  r.i.oal  1  be  substantial1.  the  same  a:;  would  tie  obtained 
from  r.ummur ier,  of  the  f  onad i an  weather  service  data  (Dept.  of 
"Van:; i <>rt ) .  western  end  of  Uie  DE.l  Line  har.  been  report!  tv, 

steal,  winds  of  80-90-100-mph  frequently  during  the  past  .ear. 

The  terrain  is  relatively  flat.,  ioiny  is  not  a  severe  problem  a^d 
•  i.e  data  should  be  reasonably  accurate.  These  steady  speeds  are 
in  contrast  ;i':i  peak  trusts  of  only  100-i  10-mph  suggested  by  the 
Meteorological  Atlas  of  daiuida  for  this  region,  and  it  appears  that 
tr.e  yenerui  level  of  winds  in  the  Arctic  is  sicnificantly  higher 
than  prcdously  believed.  Much  of  this  difference  is  considered 
*o  represent  instrument  location  and  site  exposure  even  nt.  tr.e 
lower  elevations. 

A  study  (6)  of  29  weather  stations  in  Alaska  and  the 
Aleutian  chain  showed  9  stations  with  speeds  over  100-mph  (sec 
'ruble  7).  These  9  are  observed  to  be  in  southern  Alaska  where 
icityj  is  a  less  se”ere  problem  and  it  is  expected  that  the  data 
arc  reliable.  Most  stations  are  considered  low-level. 

Tempo rate -Tropic  latitudes  -  The  maximum  wind  speeds  in  low 
latitudes  undoubtedly  occur  with  tropical,  hurricanes,  './hen  these 
intense  storms  move  into  middle  latitudes,  usually  off  the  east 
coasts  of  the  continents,  the;  arc  frequently  still  accompanied 
by  hurricane  force  winds.  Since  a  tropical  hurricane  is  small  in 
horizontal  extent, the  probability  is  low  that,  a  particular  weather- 
bureau  station  will  experience  the  maximum  wind  speed  which  can 
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TABLE  7 

Maximum  Wind  Speeds ,  MPH  in  Alaska 
Average  Period  of  Record  Nine  Year8 


Station 

Extreme  2-Min.  Av. 

Max.  Gust 
Observed 

Max.  Gust 
Calculated 

Adok 

100 

- 

122 

Amchitka 

H5 

- 

140 

Cold  Bay 

120 

- 

146 

Urnnak  Island 

135 

- 

165 

Cape  Nevenhorn 

- 

lUl 

Elmendorf,  A.F.B. 

- 

115 

Kodiak,  NAS 

- 

106 

Middleton  Island 

- 

135 

Northeast  Cape 

- 

10U 

*  Max.  Gust  (Cal)  = 

Extreme  2-Min  Speed  x 
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occur  witn  ouch  a  Btom.  Hence,  even  a  long  record  ol'  wind  observations 
from  a  particular'  cite  may  not  indicate  the  maximum  speed  which  could 
occur  at  the  site.  There  are  not  very  many  stations  outside  continental 
United  States  with  reliable  long-term  reco'.-dc.  It  ‘was  not  until  tne 
second  World  War,  with  its  emphasis  on  l'lying  and  logistics,  that  know¬ 
ledge  of  wind  speeds  in  tropical  regions  was  of  vital  interest.  However, 
even  now  the  extreme  upper  limits  are  poorly  defined  since  the  equipment 
very  frequently  is  blown  away  as  the  winds  approach  200-mph.  For 
example,  at  Blue  Hills  Observatory,  Mass.,  (site  elevation  635 -  ft-  above 
sea  level  or  about  300-ft  above  surrounding  terrain  -  anemometer  height 
above  ground  -  53-ft)  on  9-21-38  the  wind  averaged  121-mph  for  5-oin  and 
then  increased  until  the  instrument  blew  away  when  indicating  a  gust  of 
l86-mph.  The  next  severest  storm  at  this  site  produced  a  peak  gust  of 
12^-mpn  or.  8-31-51*- 

The  relative  frequency  of  wind  speed  levels  at  various  locations 
along  the  eastern  coast,  line  of  the  United  States  is  Indicated  by 
Table  8.  The  ten  stations  with  the  highest  reported  fastest  mile  were 
selected  from  a  report  (9)  covering  some  110  cities  throughout  the 
United  States.  The  Blue  Hills  data  did  not  appear  in  thiB  report.  These 
are  low-level  locations  and  it  is  estimated  that  the  peak  gusts  would  be 
at  least  20  percent  higher  than  the  fastest  mile  for  the  extreme  wind 
speeds  and  even  greater  for  leaser  speeds.  At  San  Juan,  Puerto  Rico  the 
highest  wind  spaed  is  reported  as  an  estimated  fastest  mile  of  149-mph. 

There  are  available  two  reports  (3)  (7)  which  present  a  survey  for 
39  air  bases  and  weather  stations  in  the  vicinity  of  Japan  and  Okinawa. 
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TABLE  9 

Monthly  Maximum  Surface  Wind  Speeds  In 
Vicinity  of  Japan  and  Okinawa  -  39  Stations 


Wind  Speed,  MPH 

>  120 

120-100 

100-75 

Number  of  Stations  (Reference  3) 

(Average 

years  of  record  - 

6) 

8  (Peak  Gust 

0 

0 

0 

(10  Min.  Av. 

0 

0 

0 

14  (Peak  Gust 

0 

0 

<  8 

(10  Min.  Av. 

0 

0 

<  8 

1  (Peak  Gust 

0 

0 

2 

(10  Min.  Av. 

0 

1 

1 

1  (Peak  Gust 

1  (12k) 

0 

1 

c 

S3 

> 

< 

0 

0 

0 

1  (Peak  Gust 

2  (153  * 

K7)  1  (119 

o 

(10  Min.  Av. 

NA 

NA 

NA 

Wind  Speed,  MPH 

>  125 

>  100 

>  75 

Number  of  Stations  (Reference  7) 

(Average 

years  of  record  - 

9) 

5  ( Peak  Gus  t 

0 

0 

0 

(1  Min.  Av. 

0 

0 

0 

7  (Peak  Gust 

0 

0 

*'  3 

(l  Min.  Av. 

0 

0 

'  3 

Kadona,  (Peak  Gust 

1  (l44 ) 

5 

13 

Okinawa  (l  Min.  Av. 

0 

2  (111  +  104)  9 

Central  Ab.(Peak  Gust 

I wo  Jima  (1  Min.  Av. 

[202 E  / 

3UmJ 

,  111 

1  104 

11 

2  (150E) 
(140  ) 

3  (125) 

4 
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Indicated.  Altitude a  of  the  installed  radomes  do  not  exceed  ISOO-ft. 

It  would  appear  from  the  available  temperate- tropical  data  that  in 
hurricane  3ituatlonG  peak  gusts  in  excess  of  200-inph  are  possible  even  at 
low-level  stations.  For  high-level  sites,  exposure  factors  Gueh  as 
cliffs  and  funnel ing  should  further  increase  the  speeds.  Speeds  of 
rotation  in  excess  of  300-mph  ore  believed  to  occur  within  tornadoes. 
However,  these  phenomena  arc  not  considered  in  this  report  because  they 
UG'rally  occur  over  the  interior  of  land  masses,  ore  short-lived,  and 
affect  relatively  smal  1  areas. 

Transient  State 

Within  the  lowest  3000-ft  of  the  atmosphere  the  degree  of  turbulence 
varies  over  a  wide  range.  The  intensity  depends  upon  the  distance 
from  the  earth’s  surface,  the  roughness  of  the  surface,  the  wind  speed 
and  the  vertical  stability  of  the  atmosphere.  This  latter  factor  exerts 
an  important  control.  When  the  atmosphere  is  unstable  (  ^ -l°c/lOO  m 

where  T  is  temperature  surd  Z  height),  such  as  on  a  sunny  day,  the  vertical 
overturning  of  the  atmosphere  greatly  increases  the  turbulent  fluctuations. 
With  a  stable  atmosphere  (  -1  c/lOO  m),  such  as  observed  on  a 

clear  night,  vertical  eddies  ore  damped  thereby  markedly  reducing  the 
turbulence.  This  aspect  of  turbulent  flow  is  frequently  referred  to 
os  "convective"  turbulence.  The  eddy  motion  arising  from  the  surface 
roughness  is  defined  as  "mechanical1  turbulence. 


A.  Power  Spectra 


An  anemometer  fixed  in  spa-e  responds  to  all  the  eddies  and  through 
a  power- spectrum  anal. /sis  one  can  obtain  information  on  eddy  sizes  and 
energies.  Examples  of  such  analyses  are  given  by  framer  et  al  (l) 
Panofsky  and  Deland  )  and  Van  der  Hoven  (6).  For  detailed 
information  the  reader  is  referred  to  these  articles  and  their 
bibliographies.  An  Important  consideration  for  this  discussion  is 
that  all  but  one  of  the  investigations  have  been  conducted  at  low 
wind  speeds  and  consequently  the  results  have  limited  application  to 
the  turbulence  spectrum  at  high  speeds.  However,  in  their  analyses 
of  data  from  O'Neill,  Nebraska,  and  Brookhavea,  Long  Island,  Panofsky 
and  Deland  provide  some  information  on  the  variability  of  the  con¬ 
vective  portion  of  the  spectrum  (frequency  of  30  'ycles/hour,  and 
the  mechanical  portion  (frequency  of  200  cycle6/hour ).  The  con¬ 
clusions,  based  on  obscr rations  at  elevations  from  3-ft  to  300-ft, 
are  summarized  in  the  following  statement  from  th.>  abstract:  "Bie 
spectrum  of  lateral  velocity  components  can  be  divided  most  clearly 
into  low-frequency  convective  and  high-frequency  mechanical  portions. 
The  convection  portion  is  almost  entirely  a  function  of  lapse  rate 
or  6hort-vave  radiation,  with  a  tendency  to  increase  with  height. 

It  1g  essentially  independent  of  wind  speed  and  ground  roughness. 

Itie  mechanical  portion,  on  the  other  hand,  is  sensitive  to  ground 
roughness  and  independent  of  stability,  and  also  tends  to  decrease 
with  height.  Since  the  convective  part  of  the  spectrum  con  be  large 
at  daytime,  the  total  variance  of  lateral  velocity  shows  a 
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tremendous  diurnal  ariation. 


'Pic  properties  of  the  spectrum  of  t.ie  longitudinal  wind 
component  are  sir.  Liar  as  those  oi‘  the  lateral  component.  However, 
the  low-frequency  portion  of  the  spectrum  is  considerable  e.en  in  stable 
air,  showing  that  the  largest  eddies  at  night  are  elongated  along  the 
wind.  Further,  the  effect  of  ground  roughness  on  the  "mechanical" 
high-frequency  portion  of  turbulence  is  not  as  great  as  tnat 
corresponding  section  of  the  lateral  spectrum. 

The  vertical  spectrum  in  the  lowest  30-feet  or  so  is  entirely 
controlled  o.  tnc  proximity  of  the  ground.  Low-frequency  energy 
Increases  upward,  high-frequency  decreases.  Tiere  is  little 
separation  between  convection  and  mechanical  turbulence;  the  effect 
of  surface  roughness  is  large  over  the  whole  spectrum,  and  the  total 
variance  is  sensitive  to  stability.  Above  50-feet,  the  separation 
of  mechanical  and  convective  turbulence  makes  its  appearance  gradually 
until,  at  300-ft,  the  low- frequency  energy  Is  largely  controlled  by 
radiation  intensity;  the  high-frequency  energy  by  wind  speed.  A 
continued  shift  toward  lower  frequencies  toward  greater  heights  is 
therefore  encountered  only  in  unstable  air." 

Van  dcr  Haven's  study  is  worthy  of  note  because  it  provides  a 
power-spectrum  analysis  of  3rookha.cn  data  during  a  period  vhen  the 
wind  speed  war.  relatively  high  and  the  atmosphere  was  probably  in  a 
state  of  neutral  equilibrium.  Figure  4  is  a  reproduction  of  that 
portion  of  his  diagram  where  these  higher  speed  data  were  utilized. 
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FIG.  4  HORIZONTAL  WIND -SPEED  SPECTRUM  AT  BROOK- 
HAVEN  NATIONAL  LABORATORY  AT  ABOUT  100 -M  HEIGHT 


Hie  mean  speed  during  a  30-hour  period  was  jO-mph  with  a  j'eak 
hourly  speed  of  4^-nph.  Ibis  nour  of  data  won  analyzed  to 
determine  the  power  spectra  at  irequcncies  above  1‘;  cycles/hour. 

1  1  th  the  logarithmic  scale  along  the  abscissa  representing;  frequency 
tr.e  quantities  plotted  on  me  ordinate  are  tne  spectral  estimates 
multiplied  by  tne  frccuenc.. ,  so  that  the  variance  contributed  within 
a  ircouenc..  range  is  given  by  the  area  under  the  spectral  curve. 

It  is  significant  to  note  that  the  major  eddy-energ;,  peak  is  at  a 
period  of  about  1-minute.  Hie  spectral  gap  ir.  the  range  from  1  to  10 
cycles/hour  has  been  confirmed  by  other  analyses. 

'Hie  question  now  arises  as  to  what  the  spectrum  would  be  like  for 
steady  winds  in  excess  of  100-raph.  Here  a  neutral  state  of  stability 
would  also  be  anticipated.  Ihe  trend  from  lower  speeds  to  those 
analyzed  by  Van  der  Hoven  definitely  indicates  that  the  eddy  energies 
increase  with  increasing  mean  wind  speed.  Further,  it  would  be 
anticipated  that  the  peak  would  shift  toward  the  high  frequency  end, 
e.g.,  at  135-mpb  the  peak  might  be  expected  at  a  period  of  about 
20-seconds.  The  multitude  of  sizes  of  roughness  elements  found  at 
all  sites  should  guarantee  that  at  all  wind  speeds  there  will  be  a 
broad  spectrum  of  eddy  sizes. 

B.  Gust  Factors 

Frequently,  it  is  desired  to  obtain  an  estimate  of  the  ratio  of  gust 
speed  to  the  average  wind  speed.  Two  relationships  have  been  utilized, 
namely, 
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(1)  The  ratio  o!'  the  standard  deviation  or  the  fluctuations 
to  the  mean  speed  (gustiness  coefficient),  and 

(2)  Hie  ratio  of  the  peak  gust  speed  to  the  mean. 


From  the  foregoing  discuudon  of  the  eddy  spectrum  it  is  apparent 
that  gust  factors  depend  upon  roughness,  stability,  elc  ation  and 
wind  speed.  An  additional  important  variable  is  the  length  of 
time  over  which  the  mean  wind  is  measured.  An  demonstrated  by 
Figure  4,  the  total  variance  around  the  mean  speed  Increases  with 
time.  Consequently,  it  is  important  to  specify  the  averaging -time 
when  enumerating  gust  l  ac  tors. 

Table  10  gives  an  example  of  gust.iness  coefficients  obtained 
by  Cramer  et  al  (l )  from  the  comparatively  smooth  site  at  O'Neill, 
Nebraska,  The  mean  speed  is  a  20-minute  average. 


TABLE  10 


Mean  Values  of  Gustir.ess  Coefficients  G 


ho  Feet  Above  the  Surface  -  O'Neill,  Nebraska 

(Gu6tineGS  Coefficient,  is  the  ratio  of  the  standard 
deviation  of  the  eddy  velocity  components  to  the 
mean  wind  speed.  The  x-direction  is  along  the 
mean  wind,  u. ) 


Da;  (Unstable)  Night  (Stable) 


u  mpu 

G 

X 

G  G 

u  mpu 

n 

u 

X 

G 

_y 

G 

z 

9-0  (8)* 

0.1<3 

0.14 

0.06 

8.0  (17) 

0.14 

0.09 

0.06 

6.0  (9) 

0.17 

O.lfl 

0.08 

5-3  (19) 

0.09 

0.07 

0.04 

# 

Hie  number  ol'  cases  represented  are  in  parentheses. 
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He  one -minute  peed;  ,  a;  r,  t  far  torn,  defined  as  the  ratio  of  the  peak 
gust  to  the  cue-minute  mean  wind  at.  the  tine  ol  the  peak  pur t ,  were 
calculated  from  Hbles  2  and  3  and  are  plotted  In  figure  6-  The 
extreme  variability  ic  typical  and  is  a  function  of  the  nature  of 
the  ctormc,  the  location,  the  immediate  topography  of  the  elation, 
and,  of  course,  icing  of  the  equipment.  In  the  mean,  the  gust  factor 
decreur.es  from  approximately  1.7  to  1.3  as  the  one-minute  mean  wind 
speed  increases  from  20-mph  to  80-mph.  Hie  highest  gust  occurred  at 
St.  Anthony  and  was  estimated  at  139-mph  (limit  of  recorder  scale 
was  125-mph)  and  the  highest  one-minute  average  of  102-mph  occurred 
at  the  sume  time  citing  a  gust  factor  of  I.36.  Hie  values  of  gust 
factors  to  be  expected  at  extreme  winds  can  hardly  be  deduced  from 
these  limited  data;  however,  it  seems  reasonable  to  expect  that 
above  150-mph  one-mir.ute  mean  speed  the  maximum  peak  gust  factor 
would  be  less  than  1.3. 

The  Canadian  Meteorological  Atlas  states  the  following  relation¬ 
ship  between  the  peak  gust  speed,  V  ,  and  the  one-hour  average  speed, 

V  ,  where  V  is  in  excess  of  65-mph  and  V  in  excess  of  35-mph. 

M  G  M 

VG  =  25  .  1.22  VM 

He  foregoing  analysis  of  the  turbulent  state  of  the  atmosphere 
emphasizes  the  need  for  more  factual  information  during  periods  of 
strong  winds. 
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Estimation  of  the  Wind  Reg inc  at  a  New  Nile 


Tiie  problem  of  extrapolating  available  wind  data  to  a  proposed  radome  stte 
ma,  be  illustrated  by  the  situation  at  Thule.  Since  19^6  the  weather 
station  has  been  located  in  a  sheltered  valley.  The  radar  site  atop 
P-Mountain  is  on  an  exposed  site  approximately  2,650-ft  above  sea  level. 

A  climatological  summary,  o:'  the  first  3  years  o:'  record  in  the  valley 
reported  no  speeds  In  excess  of  75-mph  while  a  later  summary  of  6  years 
of  record  shows  speeds  in  excess  of  47-raph  only  0.3  percent  of  the  time. 
Recent  reports  from  P-Mountain  show  that  gusts  in  excess  of  125-135-mph 
have  been  observed  and  others  estimated  as  high  as  150-l80-mph.  The 
difference  in  the  exposure  of  the  two  stations  is  the  principal  factor 
which  accounts  for  the  vastly  different  wind  regimes.  The  normal  increase 
of  wind  speed  with  elevation  makes  a  minor  contribution. 

Because  the  majority  of  reliable  wind  reports  come  from  airport 
stations,  the  designer  for  a  radome  on  an  exposed  mountain  or  ridge  may 
be  confronted  with  a  situation  similar  to  Thule.  To  estimate  the  wind 
regime  at  a  new  site  it  is  advocated  that  the  following  factors  be 
considered : 

(1)  Is  the  site  in  a  region  which  is  known  to  be  affected  by  intense 
cyclonic  storms  and,  consequently,  should  the  entire  area 
experience  strong  winds  on  occasions?  Meteorological  literature 
contains  extensive  Information  on  the  frequency  of  occurrence 

of  such  storms,  and  their  principal  tracks. 

(2)  Want  are  the  relative  exposures  of  the  site  and  nearby  stations 
which  have  wind  records? 
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(3)  In  the  event  that  the  region  is  cllmatologlcally  similar  to 
northeast  America  as  far  as  storminess  is  concerned,  the 
information  from  Mount  lashing ton,  Snglek  and  Idiule  can  b( 
utilized  to  estimate  the  expected  maximum  wind  speed. 

Except  :'or  occasional  mountain  observatories,  meteorological  stations 
nave  been  established  in  cities  and  at  airports.  The  installation  and 
operation  of  adequate  instrumental  tor.  at  radcoc  sites  could  contribute 
materially  to  our  knowledge  of  atmospheric  motion  near  the  earth's  surface. 
As  such  data  are  accumulated,  tne  future  designer  of  structures  on  exposed 
sites  would  not  be  confronted  with  the  current  paucity  of  information. 

Conclusions 

1.  lind  speeds  in  excess  of  125-lkO-rapr.  have  frequently  been  reported 
from  radar  sites  at  elevated,  exposed  locations  in  the  Arctic  during 
the  past  5  years. 

2.  It  Is  well-established  that  the  accuracy  of  these  extreme  wind  3pecd 
data  are  very  poor  primarily  because  of:  (a)  Heavy  Icing  and  frequent 
destruction  of  anemometers  during  severe  storms;  (b)  Inappropriate 
location  o.  anemometers  at  the  site;  and  (c)  Recording  equipment  with 
ranges  limited  to  O-125-raph. 

3.  During  the  past  5  years  covered  in  this  survey,  data  have  been 
reported  perhaps  60  percent  of  the  time  from  the  sites  with  highest 
winds  and  worst  icing.  Undoubtedly,  during  a  10-20-year  period  of 
continuous,  reliable  record  with  adequate  equipment  properly  located, 
wind  speeds  far  higher  than  the  above  values  would  be  observed.  Peak 
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gunts  in  excess  o!'  L’OO-mph  are  considered  possible  tor  such  sites 
as  St.  Anthorv,  Saglek  and  Thule . 


I*.  Some  temperate  and  tropical  regions,  must  expect  maximum  gusts  in 
excess  of  200-raph  during  intense  tropical  hurricanes  even  at 
elevations  below  1000- ft. 

5.  Hie  spectrum  of  the  atmospheric  turbulence  has  not  been  studied  at 
elevated,  exposed  locations  and  data  at  high  winds  are  lacking. 
Existing  data,  although  limited,  indicate  now  the  spectrum  is 
changing  with  increasing  wind  speed  up  to  45-mph.  The  validity  of 
extrapolation  to  speeds  of  the  order  of  ISO-mph  is  questionable. 
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A  ST  l  DY  OK  |\EROD  YNAMIC  LOADS  ON  LARGE  SPIIERICAl 


R  A  DOMES  FOR  GROUND  INSTALLATION 
.1 .  W  .  Dr  /.bate  he  nkn 

Goodyear  Aircraft  Corporation,  Akron,  Ohio 


ABSTRACT 

Wind-tunnel  testa  were  made  by  Goodyear  Aircraft  Corporation  on  a  series  of 
model  radomes  01  various  geometries  mounted  on  both  cylii  drical  and  square 
bases.  The  measurements  of  aerodynamic  forces  and  pressures  obtained  in 
these  tests,  when  integrated  with  data  reported  by  other  investigators,  yielded 
a  family  of  curves  that  can  be  applied  to  radoine  design.  Some  conclusions 
useful  in  radome  design  and  test  were  drawn  on  the  basis  of  this  work.  It  was 
established  that  the  influence  of  nearby  buildings  should  be  taken  into  account 
since  their  presence  has  an  appreciable  effect  on  radome  loads.  The  effects 
of  environmental  conditions,  particularly  gusts,  on  radomes  are  discussed 
briefly  to  point  out  those  areas  in  which  additional  work  is  required  for  more 
efficient  radome  design. 
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INTRODUCTION 


Accurate  aerodynamic  loads  due  to  winds  are  required  for  the  efficient  struc  ¬ 
tural  design  of  large  spherical  radomes.  To  date  little  has  been  done  in  the 
way  of  systematic  testing  of  opherical  radomes  to  yield  design  data  that  would 
account  for  geometrical  variations.  Recent  studies  of  large  ground  radomes 
have  afforded  Goodyear  Aircraft  Corporation  (GAC)  the  opportunity  to  develop 
a  set  of  aerodynamic  load  curves  for  use  in  radome  design.  These  studies  of 
aerodynamic  loads  on  large  radomes  were  made  in  fulfillment  of  Goodyear 

1  ft 

Aircraft  contracts  with  the  Uell  Laboratories  ‘  and  Radio  Corporation  of 
America.  ^ 

A  wind-tunnel-testing  program  was  conducted  in  conjunction  with  this  work  to 
obtain  aerodynamic  data  on  a  series  of  radome  models.  Since  the  geometry  of 
the  radomes  was  undecided  at  the  time  of  the  tests,  the  primary  geometrical 
parameters  were  varied  so  data  would  be  available  on  numerous  applicable 
configurations. 

Aerodynamic  data  reported  by  other  observers  were  integrated  with  the  Good¬ 
year  Aircraft  test  data,  thus  extending  geometrical  parameters  so  that  load 
curves  could  be  defined  for  radome  design.  Not  all  geometrical  variations 
were  considered  because  the  practical  aspect  of  immediate  application  of  test 
results  dictated  a  brief  program.  However,  it  is  believed  that  the  principal 
parameters  were  covered  and  that  the  test  data  can  be  considered  indicative 
of  results  to  be  expected  for  variations  in  aerodynamic  loads.  It  is  hoped  that 
data  from  other  sources  and  from  future  testing  programs  will  be  integrated 

Superior  numbers  in  the  text  refer  to  items  in  the  List  of  References. 
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with  the  data  obtained  by  Goodyear  Airc  raft  to  build  a  net  of  curves  that  will 
serve  as  a  reliable  guide  in  radome  design. 

FORCE  COMPONENTS 

The  aerodynamicist,  in  analyzing  the  loads  on  radomes,  iB  particularly  con¬ 
cerned  with  the  evaluation  of  force  components  that  are  mutually  perpendicu¬ 
lar  to  each  other,  referenced  to  the  wind  vector.  The  component  parallel  to 
the  wind  is  known  as  drag,  that  vertical  and  perpendicular  to  the  wind  as  lift, 
and  that  in  the  horizontal  plane  and  perpendicular  to  the  wind  as  side  force. 
The  moments  about  each  of  these  vectors  are  rolling  moment,  yawing  mo¬ 
ment,  and  pitching  moment,  respectively.  These  forces  and  moments  may  be 
expressed  in  nondimensional  or  coefficient  forms  that  are  applicable  to  ra¬ 
domes  of  the  same  geometrical  proportions  by  use  of  the  appropriate  .  efer- 
ence  area,  linear  dimension,  and  the  dynamic  pressure  of  the  wind.  Mathe¬ 
matically,  these  forces  and  moments  arc  expressed,  in  keeping  with  conven¬ 
tional  aerodynamic  practice,  as  shown  in  Figure  1.  ^ 

FLOW  PHENOMENON 

An  additional  factor  to  be  considered  in  the  applicability  of  such  coefficients 
to  radomes  of  any  size  is  the  Reynolds  number  of  the  radome.  The  Reynolds 
number  is  a  scaling  parameter  that  is  a  measure  of  the  type  of  air  flow  over 
the  radorne  surface.  Two  distinct  types  of  air  boundary  layers  are  encoun¬ 
tered:  laminar  and  turbulent.  Each  has  a  different  local  velocity  profile  and 
energy  level.  In  a  turbulent  boundary  layer  velocity  components  norma]  to 
the  general  direction  of  air  flow  are  caused  mainly  by  surface  irregularities; 
whereas  a  laminar  boundary  layer  is  characterized  by  a  smooth  parallel  flow. 
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Figure  1  -  Expressions  for  Aerodynamic  Furies  .mil  Moments 
A  characteristic  pressure  distribution  is  assoi  i.ited  with  each  type  wf  timv 
over  .1  r. idume  .is  indicated  by  pressure  distributions  m  coefficient  form  for 
a  sphere  (Kiqure  'Die  mi  remental  surfaie  pressure  relative  to  ambient 

is  AP,  <;  is  the  civnamii  pressure  of  the  wind,  I  he  maximum  neqaltic  pres¬ 
sure  is  attained  near  the  poles  of  the  sphere,  and  the  pressure  exerted  by  a 
turbulent  boundary  layer  is  substantially  higher  than  th.it  resulting  when  the 
boundary  layer  is  laminar.  In  addition,  the  pressure  on  the  after  side  of  the 
sphere  is  considerably  different.  W  lie  n  I  hr  air  flow  is  laminar,  the  flow 
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Figure  l  -  Pressure  Coefficient  versus  0  (Reynolds  Number  Parameters) 
separation  takes  place  soon  after  the  air  passes  the  pole;  but  when  the  flow  is 
turbulent,  flow  separation  is  delayed  until  the  boundary-layer  air  is  well 
down  the  after  side  of  the  sphere. 

As  might  be  expected,  the  aerodynamic  force  also  is  quite  variable,  and,  for 
a  sphere,  the  drag  coefficient,  which  is  the  only  aerodynamic  force  due  to 
geometrical  symmetry,  is  a  function  of  Reynolds  number.  Figure  3  shows 
the  drag  coefficient  plotted  against  Reynolds  number  for  a  sphere.  The  Reyn¬ 
olds  number,  which  is  a  measure  of  the  type  of  flow,  is  defined  as 

R 

c  P/p 

where 

V  -  wind  velocity  (fps) 

D  =  radome  diameter  (ft) 
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Figure  3  -  Drag  Coefficient  versus  Reynolds  Number  for  Sphere 
p  =  absolute  air  viscosity  (lb  sec/ft^) 
p  =  air  density  (slugs/cu  ft) 

If  the  Reynolds  number  for  the  radome  is  well  above  or  below  the  critical 
value  at  which  transition  from  laminar  to  turbulent  flow  occurs,  aerodynamic 
force -and-moment  coefficients  remain  relatively  constant,  The  coefficient  of 
a  sphere  then  is  applicable  as  it  is  for  radomes,  if  associated  with  the  same 
Re yno.ds -number  region. 

Since  the  flow  phenomenon  over  spheres  is  similar  to  that  over  radomes,  the 
wind-tunnel  testing  of  model  radomes  at  the  proper  Reynolds  number  is  es¬ 
sential  if  aerodynamic  data  applicable  to  the  full-scale  product  are  to  be  ob¬ 
tained.  Most  ground  radomes  arc  well  above  the  critical  Reynolds  number  so 


models  of  these  also  must  be  above  the  critical  value  if  reliable  test  results 


art'  to  be  obtained.  Sirue  the  diameter  >  ■(  the  model  must  be  scaled  down,  the 
velocity  must  be  increased  so  the  Reynolds  number  will  be  above  the  i  ritual 
value. 

TEST  PROCEDURE 

Scale  models  of  radomes  were  tested  in  Goodyear  Aircraft's  4  3  -  by  -  6 1  -in, 
wind  tunnel  at  a  Reynolds  number  of  l  X  1  0 ^ .  Forces,  moments,  and  pres¬ 
sure  distributions  were  measured  with  the  radomes  mounted  on  cylindrical 
bases  and  square  bases.  Various  radoine  cut  off  angles  (/3)  were  studied.  For 
the  square-based  radomes,  various  base- width  dimensions  relative  to  radome 
diameter  were  considered.  A  ground  plane  was  installed  in  the  test  section 
to  simulate  the  effect  of  the  ground.  Figure  ‘1  shows  typical  installations. 

The  diameter  of  the  radome  for  all  tests  was  13.  5  in.  ,  the  wind  speed  was 
approximately  1  60  mph;  the  wind  tunnel  turbulence  factor  was  approximately 
1.6.  Since  the  radome  is  symmetrical  about  the  vertical  plane,  which  con¬ 
tains  the  vertical  axis,  the  drag,  lift,  and  pitching  moment  constitute  the  com¬ 
plete  force  picture.  In  all  these  tests  the  balance  system  of  the  wind  tunnel 
measured  these  quantities  simultaneously. 

RADOMES  ON  CYLINDRICAL  BASES 

Figure  5  shows  the  various  geometries  that  were  tested  in  the  wind  tunnel; 
for  all  but  one  of  theBe  configurations,  the  center  line  of  the  radome  was  at  a 
fixed  distance  above  the  ground  plane. 

The  drag  coefficients,  C^,  of  the  c ylindr ically  based  radomes  tested  were 
plotted  as  shown  in  Figure  6,  where  the  cut-off  angle,  fi,  is  the  parameter. 
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Figure  4  -  Typical  Installations  of  Cyiindric  ally  Based  (  Top)  and 
Square- Based  (Bottom)  Radomes  in  GAC  Wind  Tunnel 


13  5  IN  OAMETER 


Figure  5  -  Geometrical  Configurations  of  Cylindrically  Based  Radome 
Tested  in  GAC  Wind  Tunnel 


drag  coefficient, 


i 


II  tin-  sinali  i  !ia  n  14 1  •  in  cir. 114  v.  :!h  tin'  height  ;i.i  r  .iiiu' t  e  r  ,  \  I),  lnr  ,3  '*0  fi  14  and 

data  Iron)  a  Cornel!  test  or.  a  radome  lor  v.huh  =  n  .  .  dee,  are  taken  into  at  - 
i  mint,  perhaps  the  dray  will  li.c-e  the  tendem  v  stue.'.n.  I  he  ti  lines  terminate  at 

the  minimum  possible  values  ot  x  I)  lor  the  p.irtu  ui.ir  linerne"  reports  the 
drill;  coefficient  of  a  sphere  in  1  ontai  t  with  the  ground  to  he  0.7,  th.e  drai;  c  or  I  - 
ficient  lor  a  sphere  elevated  from  *he  ground  until  x  D  -  0.  S-l  is  0  3  as  deter¬ 
mined  hy  New  York  University  (NYU)  tests  on  the  19  30  New  York  World's  Fair 
perispliere.  For  relererue  purposes  the  high  and  hm  H«  .redds  number  values 
of  drat;  are  noted  for  isolated  spheres  and  for  half  spheres  if  the  ground  plane  is 
considered  as  a  reflection  plane.  The  drat;  attained  a  value  somewhere  between 
these  flow  regimes  for  the  half  sphere  situated  on  the  ground  plane.  Even  at 
high  Reynolds  numbers,  the  ground  boundary  layer  affects  the  flow  (Figure  <). 


Figure  7  -  Pressure  Distribution  over  Radome  Mounted  on  Ground  Plane 
(/3  =  90  Deg) 
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When  t  hr  (1  r  .1  g  1  urttli  1  r  n  t  u  ,1  s  1  r  >>  *  s  plotted  .is  .  1  !  unr  t  him  o  1  , .  ,  .1  1  1  nr.i  t  I  «- 1 .«  - 
tionship  resulted.  An  additional  lest  point  lor  /i  -  I1*  deg  was  obtained  limn 

the  NYU  pertaphrrr  tests.  Thr  character  of  the  curve  for  another  height  pa  - 
rameter  is  suggested  by  data  obtained  at  Cornell  Aeronautical  Laboratory. 

Lift  on  the  radom.e  as  a  function  of  x,  D,  with  p  .is  the  parameter,  is  shown 
in  Figure  8  along  with  a  cross  plot  of  lift  .is  .1  function  of  with  x/I)  <1  s  the 
parameter.  Note  that  the  Cornell  lift  data  are  somewhat  higher  than  those 
measured  in  the  GAC  test  series. 

The  pitching  moment  coefficient  about  the  axis  in  the  plane  of  the  base  and 
perpendicular  to  the  wind  axis  was  plotted  as  shown  in  Figure  'L  Forces  tan¬ 
gential  to  the  radome  surface  arc  responsible  for  the  pitching  moment  for  the 
90-deg  cut-off  angle  configuration.  If  these  tangential  forces,  which  are 
caused  by  friction,  were  noi  Dresent  and  only  the  pressure  vectors  were  con¬ 
sidered,  th<'  moment  about  the  reference  axis  would  be  zero,  since  the  pres¬ 
sure  vectors  are  directed  through  tins  center. 

The  pressure  distribution  over  the  radome  also  is  of  interest  >0  the  designer. 
In  the  Goodyear  Aircraft  test  series,  the  surface  pressures  were  measured 
on  all  radome  configurations  at  regular  intervals  along  a  surface  element  on 
the  sphere,  which  was  traced  by  the  intersection  of  tilted  planes  having  a 
common  longitudinal  axis  parallel  to  the  wind  with  the  radome  surface.  These 
tilted  planes  are  dimensioned  by  the  angle  <f>  from  the  horizontal  plane.  The 
angle  0  is  measured  in  this  plane  referenced  from  the  leading  edge.  Figure  10 
shows  the  locations  of  these  measured  points,  Apnendix  A  provides  pressure 
distribution  curves  for  each  of  the  radomes  tested.  Figure  11  is  typical  of 
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Figure  8  -  Lift  Coefficient  versus  Base  Size  Ratio  and  Cut-off  Angle  for 
Cylindrically  Based  Radome 
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the  pressure  distribution  iiirves.  For  relereme  purposes,  the  pressure  dis¬ 
tributions  for  spheres  at  high  and  low  Reynolds  numbers  an<l  that  given  by  po¬ 
tential  flow  theory  are  included  Note  that  the  negative  pressure  coefficient 
at  the  pole  is  higher  than  that  for  the  high  Reynolds  number  sph're  and  even 
higher  than  that  based  on  potential  flow  thei.ry.  On  the  after  part  of  the  sphere 
the  pressure  remains  negative  and  the  separated  flow  characteristics  encoun¬ 
tered  are  similar  to  those  obtained  with  low  Reynolds  number  configurations. 

RADOMES  ON  SQUARE  BASES 

The  various  square-based  radome  configurations  tested  in  the  Goodyear  Air¬ 
craft  wind  tunnel  are  shown  in  Figure  1  Z.  The  position  of  the  radome  center 
line  above  the  ground  plane  remained  constant  for  all  configurations  so  that 
the  height  parameter  x/D  -  0,511,  The  cut-off  angle,  ft,  and  the  base  size 
ratio,  b/D,  wer-  the  geometrical  parameters  in  these  tests.  Use  of  the 
square  base  necessitates  the  consideration  of  an  additional  factor,  that  of  ori¬ 
entation  of  the  base  relative  to  the  wind. 

The  drag,  lift,  and  pitching  moments  as  functions  of  the  base  orientation 
angle,  'P ,  were  measured  for  each  configuration,  as  shown  in  Figure  13.  Note 
that  drag  reaches  its  maximum  value  at  P  -  45  deg.  Pitching  moment  and 
1  if t  also  reached  maximum  value  at  'P  -  45  deg  for  three  configurations;  this 
did  not  hold  true,  however,  for  two  of  the  configurations  tested. 

The  designer  is  particularly  concerned  with  the  maximum  drag  and  pitching 
moment  that  will  be  experienced  when  the  radome  is  exposed  to  a  wind  from 
any  aspect.  Thus,  the  aerodynamic  properties  for  the  angle  P  of  45  deg  are 


61 


PIT  CHING  MOMENT  ,  P  -r 

OHA&  C  OE  F  F  1 1  '  t  **  T,  \  0  COE  FF I  Cl  E  N  T  ,  C  m  COEFFICIENT 


0  10  20  3  0  40 

BASE  ORIENTATION  ANGtE,  i ,/  (DEGREES' 


SO 


0  10  20  30  40  50 


BASE  ORIENTATION  ANGLE,  0  (DEGREES) 


0  I  - 

0 


7b 


TEST 


POINTS 


ft 

ft 

ft 

ft 

ft 


“T“ 

20 


30 


•49.2 

DEG 

b/D 

”0.60 

•49.2 

DEG 

b/D 

■  1.03 

*57.2 

DEG 

b/D 

*0.858 

"67.7 

DEG 

b/D 

■  0.60 

=  67.7 

DEG 

b/D 

•  1.03 

40 

50 

BASE  ORIENTATION  ANGLE,  0  (DEGREES) 


Figure  13  -  Drag,  Lift,  and  Pitching  Moment  versus  Base  Orientation 
Angle  for  Radome  Mounted  on  Square  Base 
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the  most  8 1  I'm!  n  .int .  lii  Appendix  B  the  aerodynamn  pioperties  lor  r  -  0, 

IS,  and  50  (let;  are  reported. 

The  radotne  drat;  coefficient  aa  a  function  of  j}  and  b  1)  ih  described  in  Fig¬ 
ure  14.  Ah  ih  true  of  radomes  mounted  on  cylindrical  bases,  the  drat;  coef¬ 
ficient  change  with  changes  in  the  .angle  fj  is  quite  pronounced  but  the  drat; 
level  ih  larger  for  square  -  based  radomes.  The  drat;  level  at  /]  -  90  dog, 
however,  was  quite  similar  to  that  of  the  c  y  ln.d  r  lc  a  1  -  oasecl  radomes.  The 
change  in  drag  with  base  size  ratio,  b,  D,  is  not  too  ijreat.  The  hash  lines  on 
each  curve  of  Figure  14  arc  the  points  at  which  the  radome  base  circle  cir¬ 
cumscribes  the  base  square.  To  the  left  of  the  hash  line, the  radome  ocerlungs 
the  base  in  some  regions  at  the  base  periphery.  Lift  on  the  square  -  based  ra¬ 
domes  is  illustrated  in  Figure  15.  This  factor  also  is  generally  higher  than 
that  experienced  with  cylindrically  based  radomes.  The  lift  levels  encountered 
at  (3  =  90  deg  for  the  cylindrically  based  radomes  were  considered  acceptable 
in  this  plot. 

The  pitching  moment  about  the  reference  point  at  the  base  of  the  radome  is  as 
shown  in  Figure  16.  It  was  assumed  that  the  pitching  moment  coefficient  at 
/3  =  9 0  deg  approached  that  of  the  previously  described  radome,  which  had 
been  set  on  the  ground  plane,  without  the  square  base. 

The  surface  pressures  over  the  square-based  radomes  were  measured  on  all 
configurations  for  all  angles  of  'P .  Observation  of  the  pressure  data  and  the 
aerodynamic  force  and  moment  data  showed  that  an  increase  in  negative  pres¬ 
sure  at  the  pole  is  responsible  for  the  increase  in  lift. and  the  increase  in 
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C0EFFICJEN 


Figure  1  (>  ~  Pitching  Moment  Coefficient  versus  Cut-off  Angle  (  I'op)  and  Base 
Size  Ratio  (Bottom)  for  Radome  Mounted  on  Square  Base 
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negative  pressnri1  along  thf  .  i  f  t  <  •  r  part  of  the  radome  is  re  spoils  i  Mr  for  the  lu¬ 
cre, is-'  ir.  :  1  r  a  g  with  the  bane  o  r  le  nt  a  t  :<in  angle  of  4  . 

The  designer's  interest  is  in  the  most  i  ritual  r  one,  or  the  pressure  dis¬ 
tribution  for  r  -IS  deg.  Data  for  other  values  of  4'  are  included  in  Appen¬ 
dix  13.  A  typical  set  of  pressure  distributions  for  4/  •!  S  dry  is  shown  in  Fig¬ 
ure  17  for  a  ,3  ■  •Id.,’,  dei;,  b  D  -  1.03  <  onfigurui ion.  The  negative  pressure 

coefficient  at  the  pole  as  well  as  in  the  after  region  of  the  radome  increased 
over  that  for  the  configuration  mounted  on  a  cylindrical  base.  1  he  high  and 
low  Reynolds  number  sphere  distributions  and  that  given  by  potential  flow 
theory  are  shown  here  as  they  were  for  the  c  ylindrically  based  radome.  The 
pressure  in  the  region  of  t he  pole  exceeds  that  on  isolated  spheres  at  high, 
Reynolds  numbers  and  that  indicated  by  theory.  Along  the  after  part  of  the 
radome  the  flow  separation  characteristics  of  low  Reynolds  number  configu¬ 
rations  iii  evident  but  higher  negative  levels  are  realized. 

As  the  base  size  parameter,  b/D,  is  reduced  (Figure  18),  the  negative  pres¬ 
sure  at  the  pole  and  along  the  after  part  of  the  radome  is  reduced,  but  below 
the  radome  equator  at  a  plane  angle  nearest  the  base,  the  pressure  is  being 
affected  most. 

A  typical  distribution  for  a  larger  cut-off  angle  with  the  same  b/D  ratio  (1.03) 
is  shown  in  Figure  19.  Here  negative  pressures  are  increased  more  at  the 
pole  and  decreased  on  the  after  side. 

INFLUENCE  OF  NEARBY  BUILDINGS 
Any  buildings  located  in  the  immediate  vicinity  of  a  radome  will  affect  the 
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Figure  18  -  Fri-Sdiirc  Distribution  over  Radome  Mounted  on  Square  Base 
(/J  -  49.  Z  Dei-,  'P  -  49  De  14,  h/D  =  0.60) 
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•ii'  r  oil  y  na  m  u  loads  on  the  rad  mu  In  some  extent,  depending  on  the  position  ot 
the  buildings  re  I  itive  to  tin-  radome  and  to  tne  wind,  it  was  m  irssary  to 
evaluate  the  efforts  of  a  ne.i’oy  building  on  the  ao  rm!  \  iiumii  .o.ids  to  be  en¬ 
countered  by  the  radome  installation  developed  by  Goodyear  Aircraft  for  RCA. 
Since  the  addition  of  a  model  of  t  he  adjoining  building  to  the  radome  model 
would  have  resulted  in  extensive  blot  kayo  in  the  GAG  wind  tunnel,  these  tests 

I 

were  conducted  in  the  University  of  Detroit  (U  of  D)  7  by-lb-ft  wind  tunnel. 
The  purpose  m  reviewing  these  tests  is  not  so  much  to  report  the  numbers  as 
it  is  to  indicate  the  neiessity  of  evaluatin'.;  tin  effeits  of  nearbv  buildings  in 
the  design  of  any  radome. 

One  of  the  configurations  tested  (the  (]  -  1  9.2,  b  1)  -  1.03  radome)  is  shown 
in  Figure  20  as  installed  in  a  wind-tunnel  test  section.  Figure  20  shows  the 
downstream  view  with  the  building  in  the  P  -  0  position.  Tl.  building  and  the 
base  for  the  radome  were  rotated  as  a  unit  at  30-deg  increments  until  the 
building  was  upstream.  A  comparison  of  the  aerodynamic  measurements 
(Figure  21)  with  and  without  the  building  show  the  appreciable  effect  of  the 
building  on  the  loads  exerted  on  the  radome.  Drag,  lift,  and  pitching  moment 
can  increase  if  tin  radome  is  exposed  to  winds  from  any  dirction.  Side 
force  which  is  perpendicular  to  the  wind  and  in  the  hori/.nntal  plane,  can  he 
attributed  to  the  fact  that  the  configuration  is  not  symmetrical  relative  to  the 
wind.  1)  was  observed  that  the  advantage  of  lesser  aerodynamic  loads  can  be 
gained  by  orienting  the  radome  installation  approximately  120  deg  relative  to 
the  prevailing  winds. 
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Figure  21  -  Building  Interference  Effects  on  Radome  Installation 
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F  N'»  IRC.n'MF  NT  A  L  CONS'  i X  T'OVC 

Thus  far,  the  aerodynamic  loading  on  radomes  has  been  defined  by  assuming 
ideal  steady-state  wind  conditions  and  for  installations  on  generally  flat  ter¬ 
rain.  Unfortunately,  nature  does  not  provide  these  ideal  conditions.  Wind 
gusts  always  must  be  considered,  and,  for  some  installations,  the  conditions 
encountered  on  mountain  tops  must  be  evaluated.  For  purposes  of  design,  a 
steady-state  wind  may  sometimes  be  defined  on  the  basis  of  the  transient  na¬ 
ture  of  the  wind  and  the  local  history.  Such  an  assumption,  however,  would 
be  largely  a  matter  of  judgment  and  so  would  tend  to  be  excessively  conserva¬ 
tive.  Therefore,  a  more  rational  means  is  being  sought  to  define  the  environ¬ 
ment  that  the  radomc  must  withstand. 

Of  particular  concern  to  the  radome  designer  is  how  gust  loads  should  be 
treated:  as  transient  or  as  equivalent  steady-state  winds.  Gusts  are  not 
realized  instantaneously,  but  the  intensity  of  the  wind  is  a  function  of  time. 

Some  of  the  gust  shapes  considered  in  past  and  current  airplane  design  prac¬ 
tice  are  shewn  in  Figure  23.  The  maximum  incremental  value  the  wind  attains 
over  steady  state  is  termed  the  gust  intensity.  This  shape  (1  -  cos  9)  is  cur¬ 
rently  recommended  when  the  response  of  the  aircraft  is  being  studied  for  a 
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wing  1  (lord  -  .t  rcl.ilivi'  iml  not  finite  n.r.t  mi  1  .  This  proc  cdtip'  has  prnvi'd 
h.iUmI.'k  tory  foi  airplane  design  !>«■  1  .mar  t  hi-  a  1  r  plu  nr  in  vi  h  t  studies  was  used 
an  .1  tool  to  measure  the  gust, and  the  wini;  chord  was  found  to  be  the  defining 
dime  ns  ion  of  gust,  But,  since  airplane  gust  geometry  is  not  applicable  to  ra- 
cioine  design,  a  finite  description  of  mist  geometry  for  this  application  must 
be  formulated. 

Once  the  gust  geometry  becomes  definable,  it  will  be  possible  for  the  aerody- 
namicist  to  determine  reliably  the  loads  on  the  radome.  Such  problems  as 
this  do  not  lend  themselves  easily  to  analytical  methods  and  it  has  been  deemed 
to  be  more  practical  to  resort  to  the  wind  tunnel  for  such  studies. 

In  addition  to  the  probability  of  gust  occurrence  -  a  prime  factor  whereby  the 
design-gust  velocity  is  established  for  airplanes  -  another  factor,  the  accept¬ 
able  attrition  rate  for  gust-critical  designs,  is  significant  in  radome  design. 
Airplane  designers  know  a  design  for  the  severest  gust  ever  encountered 
would  impose  an  undue  weight  penalty  on  practically  all  aircraft  series,  since 
the  probaoility  of  such  a  gust  occurrence  would  be  quite  low.  Therefore,  an 
acceptable  number  of  losses  attributable  to  gust  loading  is  establisned;  this 
figure  may  be  a  loss  number  or  it  may  be  a  gust  level  at  w'hich  experience  has 
shown  the  losses  will  be  acceptable.  The  design  of  radomes  might  well  be 
based  on  a  similar  philosophy  in  the  interest  of  more  efficient  results. 

The  gust  environment  for  radome  design  also  could  be  defined  by  a  method 
that  allows  for  additional  gust  characteristics.  Gusts  are  not  discrete  but 


98 


occur  in  chains  of  many  intensities,  shapes,  and  durations.  Thus,  a  gust 
value  may  be  determined  for  analytical  purposes  by  means  of  a  power  spectral 
density  me t hod . 

CONCLUSIONS 

Altho.gh  admittedly  limited,  the  Good  ye  a-  Aircraft  studies  yielded  consider¬ 
able  data  on  the  effects  of  aerodynamic  loads  on  hemispherical  ground  ra- 
domes.  Certain  conclusions  generally  applicable  to  radrnic  design,  although 
based  solely  on  aerodynamic  load  considerations,  can  be  drawn  from  this 
work  as  follows: 

1.  Radomes  with  cylindrical  bases  are  preferable  to 
those  mounted  on  square  bases. 

2.  If  a  square  base  must  be  used,  better  results  can 
be  obtained  by  orienting  the  flat  side  of  the  base  to 
the  prevailing  winds. 

3.  A  square  base  larger  than  the  radomc  base  circle 
is  slightly  preferable  to  decrease  drag  and  over¬ 
turning  moment  at  the  possible  expense  of  an  in¬ 
crease  in  lift. 

4.  Large  radomc  cut-off  angles  are  preferable  be¬ 
cause  they  ensure  lower  drag  and  overturning 
moment  although  some  increase  in  lift  results. 

5.  The  negative  surface  pressure  on  the  radorne  is 
higher  with  increases  in  cut-off  angle. 
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J' he  set  of  curves  resulting  from  these  extensive  measurements  of  loads  on 
various  configurations  have  proved  useful  in  radome  design.  It  is  hoped  that 
data  from  future  experiments  will  be  offered  for  integration  with  the  data  pre¬ 
sented  herein  to  provide  a  better  definition  of  the  design  curves. 

The  GAC  studies  also  pointed  up  the  need  for  more  work  in  the  area  of  defin¬ 
ing  the  environment  for  more  efficient  radome  design. 
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A  '.'PEN  DiX  A  -  SUPPI.EMENIA  I  PR  ESS  UK  E  M  RAM  It  KM  LINTS  FUR 


KADOMES  MOUNFKI)  ON  CV1  1NPR1CAI  AND  .SCUTARI-:  RASES 

All  miMMirrmcnl'  presented  I'.rrnn  were  made  in  (In-  Goodyear  A  i  r  <  raft 

6 

l'-by-6l-m  wind  tunnel  at  a  Reynolds  number  of.!  ■  10  .  Pressure  distn- 

Initions  iuti1  measured  with  rudomes  mounted  both  on  ‘vlmdrual  ..nd  square 
bases  on  a  ground  plane  «ind  with  various  tut -off  angles  The  diameter  of  the 
radome  for  all  tests  was  I  '  ^  in  ;  the  wind  speed  was  approximately  !(>0  mph, 
the  wind-tunnel  turbulent  e  fat  tor  was  approximately  I  b 

The  curves  for  radnmes  on  cylindrical  bases  were  made  for  radome  cut-off 
angles  of  30  and  67.7  deg  (Figures  A-l  through  A- 3).  The  curves  lor  square- 
based  radomcn  (Figures  A-4  through  A-ZO)  co.er  the  parameters  shown  below. 
Additional  curves  appear  in  the  body  of  the  report. 

TABLE  A-l  -  PARAMETERS  COVERED  IN  AERODYNAMIC 
MEASUREMENT  OF  SQUARE  BASED  RADOMES 
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Figure  A-l  -  Pressure  Distribution  over  Radome  Mounted  on  Cylindrical 
Base  ( jl  =  90  Deg) 
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Figure  A-4  -  Pressure  Distribution  over  Radome  Mounted  on  Square  Base 
(P  =  49.2  Deg,  ^  =  0,  b/D  =  0.60) 


106 


Figure  A-5  -  Pressure  Distribution  over  Radome  Mounted  on  Square  Base 
(ft  =  4  9.^  Deg,  ''P  =  15  Deg,  b/D  =  0.60) 
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Figure  A-6  -  Pressure  Distribution  over  Radome  Mounted  on  Square  Base 
(,i  =  49V  Deg,  y  =  50  Deg,  b  D  =  0.60) 
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Figure  A- 19  -  Pressure  Distribution  over  Radome  Mounted  on  Square  Base 
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Figure  A-20  -  Pressure  Distribution  over  Radome  Mounted  on  Square  Base 
( /3  =  67.7  Deg,  =45  Deg,  b/D  =  0.60) 
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APPENDIX  D  -  SUPPLEMENTAL  FORCE  MEASUREMENTS  FOR 


RADOMES  MOUNTED  ON  SQUARE  RASES 


As  were  the  pressure  distribution  turves  presented  in  Appendix  A, 

the  following  force  curves  were  evolved  from  measurements  made 

of  square  -  based  radomes  in  the  Goodyear  Aircraft  wind  tunnel  at 

6 

a  Reynolds  number  of  L  X  10  •  The  wind  tunnel  balance  system 
measured  lift,  drag,  and  pitching  moment  simultaneously.  Tests 
were  made  for  various  cut-off  angles  and  a  ground  plane  was  used 
in  the  test  section.  Again,  the  radome  diameter  was  13.  5  in.  ,  the 
wmd  speed  was  approximately  160  mph,  and  the  wind-tunnel  turbu¬ 
lence  factor  was  approximately  1.6. 

Note  that  data  for  base  orientation  angles,  i p  ,  of  0,  15,  and  30  deg 
are  covered  for  lift,  drag,  and  pitching  moment  (Figures  B-l 
through  B - 9 )  Other  curves  for  ^  =  45  deg  are  given  in  the  body  of 
the  report. 
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•  B-t>  -  PiUl.mg  Mumrni  Coefluunt  versus  Cut-off  Angle  and  Base  Si/.e 
Ratio  (Bum:  Orientation  Angle,  4*  -  IS  Deg) 
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STRKSS  UI oTH I i J-UT I ON  A : . ! >  JUKI’  I’HKNOMKNA  IN  Si’HFRlCAL 
F  RAM  WORKS  UNDKR  FRKSSURK  LOADING 

by  J.  F.  iR-ss'-Ilng 

Stanford  L’n  vi"  1 1  y 
ralo  Al*'.,  0.1  ■  ''  r:i :  n 


SUMMARY 

In  frameworks  with  all  Joint. 3  lying  on  a  sphere  and  with 
3inall  spherical  angles  b<  tween  adjacent  Joints  non-ilncar  effects 
may  play  an  Important  role  if  the  loading  consists  of  a  non- 
uniform  pressure  distribution.  The  non-linear  relation  between 
load  and  displacements  may  even  show  a  load  maximum  at  which  a 
Jump  phenomenon  will  occur.  An  analysis  of  the  Jump  phenomenon 
shows  that  the  critical  load  can  only  be  calculated  with  suffi¬ 
cient.  accuracy  after  the  linearized  deformation  problem  of  the 
complete  structure  has  been  solved.  Though  this  Involves  the 
solution  of  a  very  large  system  of  linear  algebraic  equations  It 
Is  Indicated  how  this  Is  feasible  by  application  of  an  Iteration 
procedure  on  a  digital  computer.  It  Is  further  shown  how  the 
actual  pressure  loading  of  the  sphere  may  be  approximated  by  con¬ 
centrated  loads  at  the  joints. 


Lecture  presented  at  the  Symposium  on  Rigid  Radomes  conducted  by 
the  Lincoln  Laboratory  of  the  Massachusetts  Institute  of  Technology 
in  Cambridge,  Massachusetts,  September  8,  9  and  10,  1958. 
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NOTATION 

A  Cross-sectional  area  of  structural  member.  Also: 
Square  matrix  of  coefficients  of  unknowns. 

A  Column  matrix  with  constant  elements. 

0 

A.  . , A  .  Submatrices . 

1J  ol 

B  Square  matrix  of  coefficients  of  unknowns. 

B  Column  matrix  with  constant  elements, 
o 

C,D,K  Matrices  with  constant  elements. 

E  Young's  modulus. 

0(X),H(X)  Column  matrices  with  elements  which  are  functions  of 
the  unknowns. 

N  Number  of  structural  members  about  a  Joint. 

P  Radially  directed  compressive  load. 

Sn  Surface  area  of  nl  triangle. 

V  Total  potential  energy. 

X  Column  matrix  of  unknowns. 

Displacements  at  the  base  of  two-tier  framework. 

I3h 
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N'l'iibi 


(n , n+ 1 


Yvj 


A.  .  t 

Numl.'-r  *n< -:ni ■  it.  i r .  !  J  . i •  members  !r 

i  y  ram!  >i . 

Long 'I.  < i r  rue 1  u :m  1  rn« * i  . 

Number  of  :n» -rni-i ■  xt.  .  Alsu  as  au bso  :•!  ; - ‘  rrl 

membo  r . 

Angle  between  members  n  and  r.  ♦  1  . 

Ext.eir.al  pressure. 

Local  value  ol'  external  j ressure  at  Joint. 
Tangential  11 opl acemen' s  of  Join'. 

Radial  displacement  of  Joint. 

Magnification  fac'o:  .  j  =  si  ny^/sl  ny. 

Ratio  between  compressive  loads,  P.,  -  0P  . 
Spherical  iength  of  member. 

Superscript  0  indicates  Initial  configuration 
S  t.  ra  1  n . 

Load  factor  of  Joint. 
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Hence  tr.e  pyramidal  framework  of  FI*/.  1  collapses  when  under 
tnc  action  of  a  eon!. rai  compress  1  vo  load  Ihe  angles  between  the 
upright  members  and  the  base  plane  are  reduced  -o  a  certain  value. 

At.  the  critical  load  the  force  !n  tne  uprlgn'  members  Is  Increased 
above  proper'  ! .  .ua  1  !  ’  y  with  respect  o  P  by  the  factor 

j  -  s!  uyu/st  ny. 

This  factor  may  be  slp.nl  f!  cant  ly  larger  than  1  as  Is  s.nown  In  Ftp.  c, 
where  the  crl  t  1  r.a  1  value  of  the  factor  ( slny  -  cosy" tpy j  !s  plotted 
as  a  function  of  yu  and  where  t.he  Correspond Ing  values  of  y  ^ 
and  a  are  Indicated.  By  substitution  Into  equation  (l.L‘)  for  ec 
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lh>  critical  iuai  wlm  respect  to  t.i.r  Jump  phenomenon  may  he  r.- 
c roused  ••}}:••'  '!  ab  i  y  by  '  n>'  r!  gl *  y  o!’  J .  - 1  n ' .  a  !:i  Lr.e  actual 
structure.  Tin*  Conservative  approach  with  the  assumption  of  Ideal 
Joints  presents  already  a  formidable  computational  problem,  How¬ 
ever;  It  Is  felt  mat  the  Influence  of  the  rigidity  of  the  Joints 
should  only  be  taken  Into  account  1!  the  results  of  the  computations 
deem  It  absolutely  necessary.  I'  !s  expected  that  after  a  quanti¬ 
tative  analysis  of  the  framework  with  Ideal  Joints  a  qualitative 
Investigation  of  tills  influence  will  suffice. 

1 .  The  Calculation  of  the  Jump  Phenomenon  in  Complex  Frameworks 

For  frameworks  more  complex  than  the  regular  pyramid  considered 
In  section  1  an  exact  analysis  of  ‘he  load-deformation  process 
proved  to  be  no  longer  feasible. 

Considerable  simplification  can  be  obtained  if  the  strains 
for  the  individual  members  uf  t no  structure  are  expressed  In  terms 
of  the  tangent. lai  and  radial  displacements  of  the  Joints.  The  exact, 
expression  for  the  strain  !n  a  member  In  terms  of  the  radial  dis- 
dlsplacements  w,,  w  ,  and  the  tangential  displacements  u.  ,  u„,v.,v,,  of 
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Joints  follow  from  the  relation  (.  . ,  ). 

First  the  principle  o!'  minimum  potential  energy  nar.  be< 
lo  snow  t ha t  w!‘n  impressions  (.  ..  )  for  ’he  strains  a  sufflc 
approximation  Is  obtained  for  1  :ie  lua  1  at  which  trie  Jumj  {  n< 
will  occur.  For  a  regular  pyramid  with  a  rigid  base  and  k  e 
upright  members  loaded  by  a  central  eornpressl  force  the  t 
potential  energy  according  to  (r.2)  and  Is  given  by 
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T::e so  three  equations  are  o!'  me  type 


rx  =  H0  f  n(  X ) , 


(2.10) 


where  B 
knowns 

const,  ant 


Is  the  matrix  of  constant  coefficients  of  the  three  un- 

X  :  w,  ,  w °*2  ,  and  where  B  and  H(x)  represent  the 
dw] 

and  non-linear  terms  respectively.  It  was  found  that  a 
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The  upper  part  of  the  two-tier  framework  of  Fig.  6  Is  a 
regular  pyramid  with  k  -•  (J .  According  to  equations  (1.4)  and  (1.8) 
the  critical  load  for  such  a  pyramid  amounts  to 


0.00140 


(2.13) 


If  the  base  structure  Is  rigid. 

If  the  elasticity  of  the  base  members  Is  taken  Into  account, 
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accord  1 ng  to  the  results  given  above. 

Now  some  conclusions  will  be  Irawn  upon,  which  a  proposal  la 
based  for  the  numerical  analysis  of  the  ran  dome  framework. 

First.  t‘  can  be  observed  that  the  Jump  phenomenon ,  If  It  occurs, 
affects  the  stress  distribution  In  the  framework  only  locally.  The 
difference  between  the  loading  of  the  surrounding  structure  when 
the  local  change  In  the  Initial  geometry  Is  nq4.ee Led  and  the  actual 
loading,  can  he  expressed  In  terms  of  a  sell’  equl  llbrat lng  load 
system  which,  by  virtue  of  St.  Vennnt.'s  principle,  affects  the 
stress  distribution  only  locally. 

Furthermore  the  geometry  of  the  framework  under  consideration 
makes  It  Impossible  that  two  adjacent  Jolnt3  Jump  simultaneously 
In  the  elastic  range.  The  spherical  angle  between  two  adjacent 
Joints  is  according  to  the  data  of  Ref.  4  at  least  10°.  This  Implies 
as  Is  shown  In  Fig.  6  that  two  adjacent  Joints  are  supported  by 
members  which  make  angles  of  at  least  10°  with  the  base  plane.  The 
Influence  of  the  interconnecting  elastic  member  can  be  Incorporated 
In  the  flexibility  of  the  base  structure.  It  has  already  been 
found  that  In  the  resulting  pyramidal  structure  the  angles  between 
the  upright  members  and  the  base  plane  should  be  less  than  u°  l.n 
case  an  aluminum  alloy  Is  used  and  less  than  If  the  material 

1 3  ordinary  structural  steel  In  order  that  the  Jump  phenomenon  will 
occur  in  the  elastic  range. 
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small  loads  tne  displacements  arc  Found  I'r  'in  'lie  3ululK.ii  o!'  the 
1 !  near!  sod  [,1’obKm.  IF  upon  Inspection  o!'  t.nese  displacements  It 
!s  Found  that  no  :•  :m  ro  j  ills  s'  art,  to  movo  Inward  Faster  with 
1  no  I’cas!  ng  load  '  nan  a  djacmt  Joints,  then  at  those  Joints  the 
Jump  phenomenon  may  eventually  occur  as  the  non-linearity  of  the 
eriuntlur.fi  tends  1 accentuate  the  dl  fl'erenccs  in  rate  uF  growth 
oF  the  displacements.  This  may  also  be  concluded  From  expression 
(F.r)  For  the  strain  In  a  structural  member.  It  Is  seen  that  in 
this  expression  non-linear  eFFects  such  as  the  Jump  phenomenon 
depend  solely  or.  the  d!!Torence3  between  the  radial  displacements 
oF  thu  etui  poln’ s  of  a  member. 

Once  the  solution  oF  the  linearised  deformation  problem  of 
the  complete  structure  has  been  obtained  From  this  solution  the 
points  can  be  determined  where  a  local  Investigation  of  the  Jump 
phenomenon  will  be  necessary. 

The  Jump  pnenomenon  For  one  Joint  can  do  calculated  with 
sufficient  accuracy  by  considering  the  pyramid  of  which  it  forms 
the  lop  together  wltn  all  members  directly  supporting,  this  pyramid. 
Tills  conclusion  can  be  drawn  from  a  comparison  between  the  solution 


1^5 


■!'  M:i'  i:'!  |  t>  I  *  -n  ;•  •  >»»•  :w  ler  frani'-wt  rk  of  Fig.  1 

.  i  ■ :  ’he  h.’,  '.on  ,-!  v<u,  ntnvf.  [  t  appears  that  at  ’.he  critical 
Lkm  ’Me  ac*  lal  valuer  !'  ‘  :.e  s’:"!!::::  In  the  members  supporting 

;  •vimM  <  i 1 ' :  ‘  ■  i  •  a’,  most  i  1  .  •  f>  !':a  ;n  'he  linear  approximation. 

Since  '.he  change  !:i  geicnei  ;••;  for  taper  member!)  at  the  critical 
w  •  u 

1 1 )  <a  *  i ,  g !  v  o  f  i  b  y  -* —  —  .  0  u  L 1  *  and  ~i —  J ,  0 0 0 o  1 ,  l!1  email  the 

*1 

*'  1  ex  1  b  1  1  y  u!‘  Mie  at  rue  t  ure  aupport  1  :ig  a  fwc-tler  framework  can 
be  '  a/'.Mi  Into  account  with  aulTI  c  1  cut  accuracy  by  Imposing  on  the 
J  j 1 n t n  at  the  base  of  the  two-*  ler  framework  the  displacements  as 
they  have  been  found  as  linear  functions  of  the  loadB  from  the 
solution  of  the  1 1  nearl  ted  deformation  pretiem  of  the  complete 
s’ructure.  The  calculation  procedure  Is  then  as  follows: 

Let  the  system  of  equations  which  1b  found  by  application  of 
’he  principle  o’’  minimum  potential  energy  with  respect  to  variations 
of  the  displacements  of  all  joints  of  the  pyramid  be  giver,  by 

CX  +  G ( X )  +  DY  -  C  P  (;.’.lb) 

In  this  equation  C  represents  the  matrix  of  coefficients  of 
the  linear  terms  containing  the  displacements  X  of  the  Joints  of 
the  pyramid,  G(x)  represents  the  non-linear  terms  lr  X,  and  D  re¬ 
presents  the  matrix  of  coefficients  of  the  linear  terms  containing 
the  displacements  Y  of  the  Joints  at  the  base  of  the  two-tier 
framework.  By  means  of  the  solution  of  the  linearized  deformation 
problem  Y  l,s  expressed  lr.  terms  of  the  loads  by  the  relation 

Y  =  KP  .  UJ-l6) 

If  ( 2 .  1‘;)  is  substituted  into  (2.14)  the  following  Bystem  of 
equations  Is  found  for  X: 

CX+G(X)=[C-DK]P  (2.17) 
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framework  considered  above  nor  will  '.he  load  distribution  be  of 
the  symmetrical  type .  In  general  the  computa? Ions  should  be  per¬ 
formed  on  automatic  digital  c  mpulers. 

The  problem  of  the  calculation  of  the  critical  load  becomes 
even  more  complicated  if  from  inspection  of  the  solution  of  the 
linearized  deformation  problem  a  Jump  phenomenon  can  be  expected 
Involving  two  Joints  with  one  Joint,  in  between  these  two.  In  that 
case  It  will  not  be  sufficient  to  consider  a  two-tier  framework. 
However  for  a  pressure  distribution  welch  she  s  no  significant 
irregularities  this  possibility  must  be  considered  very  Improbable. 


3 .  On  the  Solution  of  the  Linearised  Deformation  Problem 

The  geometry  of  the  spherical  framework  to  be  used  for  radomes 
has  been  obtained  by  taking  the  equilateral  triangles  of  an 
icosahedron  as  a  starting  point  for  the  trl angulation  of  a  sphere. 
In  the  domain  of  one  equilateral  triangle  there  are  19  Joints  con¬ 
tained  in  that  particular  triangle  alone,  12  Joints  which  are  also 
contained  in  another  triangle  and  3  Joints  which  belong  to  five 
triangles  simultaneously.  Hence  the  total  number  of  Joints  In  a 


147 


'.<■  a;  h<T!  ca  * 


f  r  im'*wu:v:  wou  d  amt  an*. 


1 


J 


,  ‘0  x  1 


In  the  same  manner’  for  the  total  number  of  structural  members  In 
the  same  framework  Is  found 

n  =  I'O  x  t  >9  +  -r-  x  1  'j  =  1330. 


In  the  actual  radome  structure,  which  has  to  be  analysed,  a 
horizontal  plane  cuts  off  the  lower  part  of  the  sphere  at  Borne 
distance  below  the  center.  This  plane  contains  supports  for  all 
structural  members  Intersecting  this  plane.  Thus  the  number  of 
members  and  Joints  In  the  actual  structure  is  significantly  less 
than  In  the  complete  spherical  framework  considered  above.  Since, 
however,  for  a  solution  of  the  deformation  problem  and  of  the  stress 
problem  three  displacements  have  to  be  determined  at  each  Joint, 
the  system  of  equations  for  these  displacements  1b  very  large  and 
even  the  linearized  problem  can  not  be  Bolved  directly. 

It  is  possible,  however,  by  a  suitable  systemi zatlon  to 
arrive  at  a  system  of  equations  which  can  be  solved  by  an  Iteration 
procedure  involving  only  matrix  multiplications  after  one  39  x  39 
matrix,  two  153  x  18  matrices  and  some  degenerate  cases  of  these 
matrices  have  been  Inverted. 

The  systemi zatlon  consists  of  an  arrangement  of  the  Joints 
and  corresponding  structural  members  into  three  types  of  sub 
groups,  which  are  shown  in  Fig.  8.  Cross-coupling  of  two  sub 
groups  of  a  different  kind  is  caused  by  the  structural  members  of 
one  of  the  substructures  shown  in  Fig.  9i  while  two  sub  groups  of 
the  same  type  have  no  coupling  terms  in  the  resulting  system  of 
equations . 

'The  solution  of  the  linearized  deformation  problem  is  now 
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where  the  subscripts  of  the  unknowns  X  refer  to  the  displacements 
In  the  three  subgroups  of  the  Joints.  The  matrices  A^, 

can  be  Inverted  by  computing  the  Inverse  of  one  39  x  39  matrix 
(corresponding  to  subgroup  I),  of  two  18  x  10  matrices  (corres¬ 
ponding  to  subgroups  II  and  III)  and  of  some  degenerate  cases  of 
these  matrices.  The  solution  of  the  complete  system  Is  then  found 
by  means  of  the  following  iteration  procedure 


X1  =  A11  ^A01  -  k\2^2  "  A13X3  ^ 


X?n  =  A22_1  (A02  -  A^X^  -  A23X3n_1] 


X3  “  a33  ^a03  "  a31Xi  a32*2  ^ 


(3.2) 


where  the  0th  approximation  is  given  by 


Y  0  _  .  -1, 

X1  “  A11  A01 


Y  ^  =  ft  ~  ^  [ft  -ft  X^l 

a2  a22  ia02  21  1  J 


Y0  j  'I  [,  AY0  AY01 

X3  —  A33  l  Aq “  A3^X^  “ 


(3.3) 
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uuiar  ’’orm  u!  a  re  t  axa '  1  ,  scheme  su  1  *  .  t  b  1  <  ■  far  .'ii.htnai, !  •  Computers  . 

It  shou!  i  be  rc;t  I  1  ;;<■  !  't;V  ta-u!  des  ’if  cwm{  utat !  nal  ‘  1  me 
required  to  solve  ay  atom  (j.l)  'hr  calcula'  !on  the  matrices 
A  to  A  ^  require*!}  In  Itself  a  a.:::;!  irrablr  c  mputatlonal  effort. 
However,  a  computer  p  rog  ram  can  be  given  for  :  he  latter  computation 
a  lac  and  by  virtue  ul’  the  system!  rat  Ion  describe!  abov-  only  one 
3 J  x  3d,  ;wo  3.t  x  1;<  and  three  la  x  1"  malrleea  need  to  be  deter¬ 
mined.  Then  the  matrlcea  A,,  to  A,,  can  be  constructed. 

11  da 


The  calculation  of  the  elements  of  ..he  column  matrices  A 
A  p,  Aq^  will  be  discussed  next. 


01  ’ 


4 .  The  Determination  of  the  Loads  at  the  Joints  from  the  Pressure 
D1 strlbutlon . 

Since  the  spherical  framework  under  consideration  consists  of 
a  large  number1  of  relatively  short  members  1!  Is  a  sufficiently 
good  approximation  to  represent  the  pressure  loading  as  concen¬ 
trated  radially  directed  load  at  the  Joints.  The  pressure  variation 
over  one  triangle  will  be  small  and  hence  the  total  pressure  load 
on  the  triangle  may  be  equally  distributed  over'  the  three  corner 
points.  Since  the  spherical  angles  Involved  are  small  the  loads 
at  the  corner  points  are  approximately  radially  directed.  If  the 
pressure  were  constant  over  all  triangles  neighboring  a  particular 
joint  then  the  total  load  at  this  Joint,  would  be  given  by  (See 
Fig.  10). 

P.  -  3  P  ^  3n  -  «nfn+1»ln(n,  n+1 )  (H.l) 

N  N 

where  N  is  the  number  of  triangles  neighboring  the  Joint  and 

£N+1  h  V 
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i  \ 


l  i  , a: n(n  , in  1  ) 

n  a  4  i 


Tor  all  Jolntn  of  too  three  subgr  ups  Fly;.  '' 
able  to  write  Pawn  trie  value  of  all  elements  of 


In  order  to  be 
A01 ’  A0?’  A03 


(equations  ( 3. 1 )) divided  by  the  local  pressure.  When  this  13 
accomplished  various  pressure  distributions  can  be  considered  by 
a  simple  multiplication  of  these  values  by  the  local  pressure 
values . 

In  the  case  of  the  two- tier  framework  of  Fig.  5  only  three 
factors  Aj  need  to  be  determined.  The  loadB  at  the  Joints  1,  2, 
3  (See  Fig.  5)  follow  from 


1  =  VPL 

2  =  P^/p2 
3  "  p/p3 


=  2(>op0  lnL 

x)  20140  In2 
=  15590  In2 


It  1 s  seen  that  a  pressure  distribution  leading  to  = 

P^ ,  as  considered  above,  would  be  far  from  a  uniform  distribution, 
but  would  have  a  pronounced  maximum  at  the  top  of  the  two-tier 
framework,  thus  promoting  the  occurrence  of  the  Jump  phenomenon. 


5.  Concluding  Remarks 

It  Is  Interesting  to  note  the  difference  between  classical 


1 51. 


e  1  a  3  I  c  buck  1  ::g  ,  where  'he  :•••!, 


suddenly  e.unnges  from  a  linear  one 


i.  li-*  we;,  ad  in  !  d!  :i;  !  nve:nrn'  s 
'  a  :i  a.-  1  !  n<"i :•  uric  when  a 
eerta!  n  load,  namely  *  fi<  ■  buvil’.g  load,  la  reamed,  arid  the  Jurn; 
phenomenon,  where  r.ne  :>  n-!!:.-ar  i-e  1  i‘  !  n  be. ween  iu.ad  and  dis¬ 
placements  ah  rws  .a  loa!  maximum.  F'p.  II  ‘I'-arly  ah  vwa  Mu' 
distinctive  fea’ures  .  buih  [h'-nornena. 

The  analysis  o:'  the  nature  of  the  Jurnj  phen  fii  hi  h.aa  uhown 
that,  the  calculation  o!'  the  critical  lua  i  hoi'  complex  frameworv.3 
suen  as  the  rndome  structure  la  not  feasible  w!  *.n  >ut  a  previous 
solution  of  the  linearised  deformation  problem.  The  method  of 
oolutlon  Indicated  for  the  latter  problem  Is  based  on  trie  use  of 
automatic  digital  computer's.  Since  the  calculations  have  been 
put  Into  matrix  form  an  efficient  use  can  be  made  of  *  he  standard 
programs  of  tne  computer. 

Once  the  linearised  deformat  1  on  proOi-'m  has  been  solved  the 
strains  and  hence  the  forces  In  all  structural  member's  follow 
Immediately,  except  In  those  regions  where  trie  linear  approximation 
Indicates  that  the  non-llnear  terms  may  not  be  neglected.  In  those 
regions  a  local  Investigation  suffices  to  determine  tne  non-llnear 
effects,  the  critical  load  with  respect  to  a  Jump  phenomenon  In¬ 
cluded. 
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Fig.  2  -  Graphical  representation  of  the  factor  that  determines 
the  limit  of  stability  of  a  regular  pyramid  under  a 
central  compressive  force. 
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3* 


Fig.  6  -  Model  of  Bupport  of  two  adjacent  JolntB  In  BpherJcal 
framework . 


\ 


/ 


Fig.  7  -  Model  of  jump  phenomenon  involving  two  Joints  which 
Jump  simultaneously. 
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‘ratnework . 


Joint 


Pig.  11  -  Typical  load- displacement  diagran©  for  classical 
buckling  and  for  the  Jump  phenomenon. 
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imYESTCT- POLYURETHANE  FOAM  AS  A  PRIMARY  STRUCTURAL  MATERIAL 


T.  C.  Dnuphlnfc 

Rookor  Chemical  Corporation 
Niagara  Falla,  Nf’w  York 


EMring  the  paot  few  yea.ro,  we  have  been  experiencing  a  quiet  revolution  in 
otructural  materials,  namely,  the  uoe  of  synthetic  organic  materialo.  It  is 
noteworthy  that  some  of  the  faatoot  progress  in  this  direction  hao  been  stimu¬ 
lated  by  many  of  you  attending  this  oymposium,  in  the  interest  of  obtaining 
electrically  transparent,  otrong,  and  permanent  ohelterB  for  radar.  Thus  we 
have  progressed  from  the  inflated  non  rigid  rodemes  to  the  current  concepto  for 
rigid  radomes  involving  a  load  bearing  framework  carrying  electrically  trans¬ 
parent  fiberglass-plastic  panels.  Interest  in  the  space-frame  type  of 
structure  continues,  os  you  know,  with  particular  attention  being  given  to 
requirements  of  high  precision  systems  of  large  size.  However,  os  require¬ 
ments  for  extreme  accuracy  have  become  more  important,  designers  have 
become  more  aware  of  the  limitations  of  Bpace- frame  systems  caused  by 
the  uneven  energy  absorbing  and  reflecting  characteristics  of  the  space 
frame  itself.  For  this  reason,  increasing  effort  has  been  put  forth  to 
design  radome  structures  which  are  os  homogeneous  ss  possible  -  that  is,  have 
completely  uniform  electrical  and  strength  characteristics  throughout  the 
structure.  In  this  regard,  plastic  foams,  and  particularly  polyurethane  foams, 
promise  structures  having  the  characteristics  required  by  tho  ideal  radome. 

They  offer  very  low  resistance  to  passage  of  the  radar  beam.  Light  in  waight, 


i  'ii  •..!•>  i  |.  pi1-'  .si  r*  ’i':1 h  /''ll  :i '  i  f'fn.  ,  for  r»<  •  1  f  - ij  ;  •  »r !  i  "i,:  :  ‘  r  >i  t.-s  n- l.  ,  t.h «  %■ 
ra  >->r  mm  i  r  :rn  wall  t.  hi  i-kni'sn ,  wit  (nut.  ,nj  >.-i  r  ••  n  ?  j-  int.r.  'r  ribs  t.n 

1!  at  ari  th"  r t "> »-  ''.'.n.  C'O.-.c  ju*  fitly  j  > I yore!  h.vi  •  foams  an1  t. 'day  1  .'inf’ 

actively  rnrij  i  f  I*  *!**■  ■  1  as  :;t  rod  'iral  mat-wiml.';  f  >  r  largo  ra  lumen. 

It.  1:j  the  p*Ji"pos<*  of  this  payor  to  discuss  polyester-polyurethane  foams  as 
primary  structural  materials. 

IV  fore  presenting  the  available  data  on  structural  properties  of  foams,  I 
wo\]l . !  like  first  t.o  show  you  some  typical  foam  structures,  and  then  discuss 
briefly  t.hcir  chemical  makeup. 

A  microscopic  examination  of  a  thin  3llce  of  low  density  (2  pcf)  foam  shows 
a  random  cellular  structure  ( Fi c *  1)  reminiscent  of  a  tiny  space  frame.  This 
shows  a  Hooker  I.V.,  one-shot  foam  of  closed  cell  structure,  magnified  100 
diameters.  The  but  hie  walls  appear  to  bo  very  thin,  with  relatively  thick 
rod-like  struts  forming  a  three  dimensional  framework  which  apparently  gives 
must,  of  I  tie  structural  strength  to  the  foam. 

For  comparison  is  shown  a  similar  magnification  of  an  open  cell,  1.7  pcf 
p.  ..-polymer  Hooker  foam  (Fig.  2).  The  lower  density  correlates  with  the  somewhat 
thinner  ribs  bounding  the  open  cells. 

As  we  go  to  higher  polyurethane  densities,  as  in  Fig.  3  showing  a  7-5  pcf 
Hooker  126,  one-shot  foam,  you  will  note  the  bubbles  become  smaller,  more 
spherical,  and  the  space  frame  ribs  become  relatively  more  heavy. 

by  contrast  Fig.  h  presents  a  h.)  pcf  styrofoam  showing  a  distinctly 
dirfo-'-nt.  structure.  The  ribs  are  quite  delicate  compared  to  those  of  the 
7. H  pcf  polyurethane,  and  the  closed  cells  have  multi-planar  sides  instead  of 
b.  i ng  Sc i cal  . 
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shot  fi.Tn,  again  at  l'"'"'  di a/ii'  t i-r:;  nagoifj rat  ion.  Fiubb’e  si  7.0  r^n'  Junes  I  o  b. 
smaller,  and  tlvy  occur  less  fre  q<r  a*  ly  with  lany  r  vnlur;.  'if  s'lid  p>sin 
between,  tt'1  on<*  would  exp<rt. 

Who* i  wf  discuss  structural  fo-as,  we  'encrally  mean  fnams  of  densities  hid’c 
than  lj  pcf.  Consequently  the  structures  shewn  in  the  last  three  figures  are 
typical  of  the  foams  under  consideratl  wi. 

The  history  of  organic  foams  is  quite  recent.  As  a  class,  they  have  had 
attention  only  In  the  last  forty  years.  Until  now  there  has  been  lit, tic  in¬ 
centive  to  use  them  as  primary  structural  materials.  Two  factors  have  held 
them  back  in  this  respect.  First,  the  lack  of  foams  with  sufficient  tough¬ 
ness,  strength, durability,  and  dimensional  stability}  second,  the  relatively 
high  cost  of  such  materials.  At  best  the  load  bearing  duties  of  foams  in  the 
past  have  been  restricted  to  small-scale  applications,  mainly  involving  their 
use  os  cores  or  fillers  in  sandwich  structures  where  loads  on  the  foam  were 
relatively  small.  It  is  primarily  the  advent  of  polyurethane  foams  in  higher 
densities,  coupled  with  the  need  for  better  radome  structures,  which  has  led 
to  foams  bein'-'  seriously  investigated  as  primary  structural  materials. 

It  night  be  helpful  to  talk  a  moment  about  organic  foams  in  general,  to 
put  polyurethane  foams  in  the  proper  perspective.  Almost  everything  which  is 
plastic  can  be  framed,  by  some  technique. 

Many  fl»:t i'de  and  s'rii -rl gid  foams  are  made  throngn  addition  of  chemical 
blowing  aynt,:,  !o  •;  plastic  mass.  These  blowing  agents  have  the  property  of 
lecompos i ng  above  a  certain  temperature  level  to  release  gas  bubbles  which  ex- 
pan  1  Hr-  plastic  mass  into  a  cellular  structure.  Many  foamed  rubbers  and  some 
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an  I  i  ,‘i  mB'.lv  limit",)  |  •>  r-  ail  i  <  n* 

rh^mlii:  ftons,  whl 'h  .!!'••  ah', of  f. > r f.y  yi.tr;;  old,  nn>  fo.rw  1  partly  by  i  low¬ 
ing  ng>nt,  mil  partly  !>y  th>>  1  i  b«c.i‘ 1  cm  of  wait)-  vapor  during  the  j>o]ym<>rl?a- 
tlon  reaction.  r^>*rnll<'  ff  nm  n  a  r  r.  th«T  brittle,  odorl  Corouc,  corrosive  if 
strong  acids  are  used  as  '\itulyr.t:t,  permeable  (,o  water  and  pas  (in  other  words 
have  open  cell  structure),  but  often  have  reman<able  strength  and  outstanding 
fire  resistance.  Jinilnrly  ureu  formal dehydo  car,  be  made  into  foams  by 
analogous  techniques.  However  none  of  these  foams  have  assumed  commercial 
importance  as  structural  material. 

Another  approach,  which  has  been  used  both  for  resilient  vinyl  foams  and 
rigid  polyester  foams,  i3  that  of  the  so-called  "mechanical"  foam  made  by 
beating  a  gas  into  a  molten  thermoplastic,  or  into  an  uncurrd  catalyzed  resin. 
The  object  is  to  create  a  stable  froth  or  foam  which  will  not  settle  in  the 
time  it  takes  for  the  resin  to  harden.  This  is  potentially  a  very  economical 
method,  but  is  at  present  practical  mainly  for  elastomeric  vinyl  foams. 

Polystyrene  foams  have  boon  made  in  two  different  ways.  One  technique 
produces  a  log  of  expanded  polystyrene  which  may  bo  cut  into  slabs  and 
handled  much  like  lumber.  The  principle  is  to  expand  molten  polystyrene  by 
first  aiding  a  volatile  solvent  which  dissolves  in  the  molten  plastic,  and 
which  vaporir.es  on  release  of  pressure  to  form  a  cellular  structure.  Ouch 
material  must  be  aged  to  permit  excess  solvent  to  diffuse  from  the  interior  of 
the  foam,  before  such  foams  attain  good  strength  and  dimensioi.il  stability. 

An  alternate  approach  is  to  dissolve  a  volatile  hydrocarbon,  such  as  liquid 
pentane,  into  small  beads  of  molten  polystyrene  which  is  chilled,  thereiy  hold- 
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hen*  >•  1 ,  '  he  v  i'il  ilf  hv'ir  I'M!1'  :i  hi -l  !  i  a  lil  ilnt  in  ’  <  nds  t.  o  y  ■  M'l,'"  ami 

fXj  an  !  t  h '  •  head  to  mmy  '  i  fgs  i  (.a  u'irinal  s  i  r.  *  • .  The  beads  shoul  I  (*'♦  t  hot. 
enough  I  f  not*  t  op.  i,!  •  p  in  (he  I'rpun  le  I  .  i  * .  n  t  • ' ,  t. hereby  Tormina  a  light,  strong 
struct'] re ,  Flaal ral  ly  this  uses  a  volatile  liquid  .as  n  blowing  agent,,  Its 
vapor  pressure  ser/ing  to  etjinnd  t  h"  heat  e  1  plastic  into  a  Co, an. 

Styrene  foams  are  thermoplastic,  an  1  will  mol  t  at  fairly  ley  temperatures. 
The}'  have  ne  rd  rength  at  eye  ln.n°F.  They  have  excellent  electrical  properties 
however,  and  have  been  of  interest  as  core  materials  in  smaller  radomos,  where 
fiberglass  plastic  skins  nay  he  used  to  take  major  structural  loads,  and  pro- 
toct  them  from  the  weather,  since  weathering  properties  are  poor.  Also  they 
lack  practical  fire  resistance  desirable  in  largo  organic  structures. 

Polyurethane  foans  are  of  recent,  vintage,  having  been  commercially  avail¬ 
able  in  this  country  only  during  the  last  three  years.  At.  present  most  poly- 
urothane  foam  made  is  of  the  flexible  type,  and  is  in  sharp  competition  with 
foam  rubber.  Rigid  polyurethane  foams  arc  attracting  wide  developmental 
interest,  however,  for  cores  in  structural  panels,  refrigeration  insulation, 
flotation,  as  well  as  for  radomer. 

The  chemistry  -  f  ‘..h>\  •  f onms  is  exceedingly  complex,  and  I  propose  to  show 
you  only  the  basic  <u;h*»nt1als. 

Polyester-polyurethane  foams  are  based  upon  the  reactions  of  <1.1  i  sccyoniites 
with  an  alkyd  resin  containing  a  predominance  of  hydroxyl  groups,  with  some 
cr  boxy  groups. 

Figure  ‘  sh  ws  t h  •  commercial  isomers  of  toluene  di isocyanate,  usually 
called  TL/I,  v:*' '  h  (s  (be  cheapest  and.  m0st  commonly  used  diisocyanat.  ■.  The  -FCC 
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any  tw>  .•!  >]  «■<-»  •  1 1-:  i.'.tt;  whir1.  It.  nay  r>act. 

A  j’ il\ i  :;t  oj-  alley  I  for  f'l  »"t  j  >  1 «’  foams  may  be  schematically  represented  (Fig.  7) 
as  a  1 1  n  ar  rn.nl  irat  i  mi  of'  a  dibasic  a<'id,  such  an  adipic  acid,  with  a  glycol, 
usually  dicthylone  glycol.  Thin  gives  a  long  chain  mainly  t* ml  noted  by 
hydp  :yl  (CH)  nr  with  a  few  carhoyy  (-CCX.H)  groups,  both  of  which  can  react 
wi  *  h  the  di  ,1  anryanat  c  . 

Similarly,  a  polyester  al':yd  for  a  rigid  foam  in  .nhown  in  a  simplified  way' 
in  Fie-  8.  The  addition  <>f  a  t.ri functional  trio!  such  as  glycerine  leads  to  a 
three  dimensional  network  structure,  t<  riui rated  by  reactive  hydroxyl  and  a  few 
carboxyl  croups.  The  higher  molecular  weight  of  the  .starting  alkyd,  plus  its 
greater  functionality,  gives  a  higher  softening,  more  rigid  polymer  after 
cross  linking,  in  contrast  to  the  rubbery  polymer  formed  from  the  straight 
chain  alkyd  for  flexible  foams. 

The  most  Important  isocyanate  reactions,  as  far  as  foam  formation  is  con¬ 
cerned,  are  listed  in  Fig.  ?.  Reaction  A  is  between  water  and  two  -NCO 
radicals  t.o  form  an  urea  linkage  betwoei  two  isocyanates,  with  the  liberation 
of  carbon  dioxide  gas.  This  is  both  a  linking  and  blowing  reaction,  and  water 
is  customarily  added  in  controlled  quantities  to  act  a3  a  blowing  agent  in 
polyurethane  foams. 

Reaction  P  is  the  isocyanate  reaction  with  on  alcohol.  This  is  a  polymeri¬ 
zation  reaction  through  the  so-called  urethane  linkage.  No  gas  is  formed, 
and  it  is  this  reaction  which  is  predominant  in  the  formation  of  a  so-called 
"prepolymer",  where  all  of  the  di isocyanate  required  for  a  foam  is  pre-reacted 
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; ' i*  1 1 j 1  1  1  ;b.  rat <  im:1  :i  :  ,<•  ga;  an. I  form  ar  amide  linkage;  aa  shov/r. 

Reaction  D  i:  the  Jsocynna'e  reaction  with  an  amino  to  form  an  urea  linkage 
bet  wen  ml < •  <". 1 1  '-u.  Jftcn  organic  amines  are  used  in  polyurethane  foams,  and 

s>  rvo  as  active  catalysts. 

In  addition  to  th-  four  react  ion;  presented,  the  isocyanate  group  can  react 
with  the  seti’".  hydrogen  shown  in  the  urea  linkage,  the  urethane  link, -ye,  ami 
the  smidi-  linkage,  giving  further  cross  linking,  but  liberating  no  gns. 

"ar  i  at.i  ins  in  foam  properties  may  be  obtained  by  influencing  the  various 
isocyanate  reactions  by  adding  catalysts,  blowing  agents  such  as  water,  and 
by  control  of  alkyd  specifications.  The  alkyd  itself  can  vary  through  use  of 
difTepnt.  glycols  and  trials,  and  different  dibasic  acids,  as  well  as  by 
different  ar  id-polyol  ratios  t.o  affc  ct  alkyd  reactivity. 

for  instance,  Hooker  foams  are  unique  in  using  chlorendic  acid,  trademarked 
HLT  Acid,  in  the  alkyd  portion,  fig.  in  shows  its  structure  compared  to 
adipic  acid  and  phthalic  acid,  both  of  which  are  also  used  in  other  polyester 
alkyd a  for  foams.  This  largo  heavy  molecule,  containing  of  stable 
chlorine,  coni ril-utes  to  fire  resistance,  stiffness,  and  strength  at  high 
temperatures. 

Holy  -st er-pil /urethane  rigid  foams  may  be  made  by  the  one-shot  technique, 
prep  -lymer  technique,  and  seni-prepnlymer  techniques. 

A  one-shot  f  tarn  is  made  by  reacting  all  the  diisocyannte  with  the  polyester 
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1  i  pH  which  is  undergoing  polymerization  and  blowing  reaction:-,  simul ten- ously. 
Thc.ce  reactions  generate  heat,,  which  raises  the  temperature  to  further  spec! 
the  reactions  and  hasten  gelation  and  fear,  rise,  and  helps  cure  the  hardened 
loam.  Some  foams  are  self-curing,  but  ethers  with  less  functionality  may 
require  oven  curing  to  develop  maximum  properties. 

1  shall  not  attempt  to  describe  the  variety  of  equipment  which  may  be  used 
to  make  rigid  polyurethane  foams.  Toth  batch  and  continuous  systems  are 
available,  as  well  os  equipment  fej*  sj  raying  certain  foams.  Also,  the  probiens 
of  making  foamed  objects  arc  not  pertinent,  to  this  paper. 

I  hope  this  short  review  <  *  f  the  1  a  sic  urethane  foam  eh.enictoy  has  at  least, 
impressed  upon  yon  the  complexity  and  varialllity  of  rigid  urethane  foam 
systems.  Almost  an  infinite  number  of  urethane  foams  can  la-  made,  each 
different,  and  it  is  very  dangerous  l'  .ale  g  -rera!  statements  regarding  foam, 
properties.  The  field  is  too  new,  and  not  sufficiently  well  organized,  to 
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Th"  I'l-pr  '-i'l'  il •  i J  i  -y  ,'f  struct era]  properties  in  foam,  ns  you  nay  i.ngine, 
is  po r  than  t  hat  experienced  with  steel  and  other  nnt. trials  which  m;\y  be  m.T 
to  closely  controlled  standards.  The  chemical  foaming  systems  are  very  sensi¬ 
tive  systems,  being  affected  by  the  time  of  reaction,  the  ament  ef  stirring, 
the  probability  factors  in  miv3ng,  t.rac!'  quantities  of  moisture  and  metallic 
or  nther  impurities,  so  that  to  take  a  foaming  system  and  get  perfectly 
reproducible  results  seems  to  be  very  difficult..  However  with  good  control, 
foams  can  tic  made  for  which  the  structural  properties  are  reproducible,  and 
where  variations  from  a  given  average  are  small  for  practical  ourposos. 

Another  factor  is  the  direction  In  which  strength  is  measured.  In  certain 
foaming  systems,  and  for  foams  risen  under  nearly  "free  rise"  conditions,  the 
foam  i 3  often  stronger  in  the  direction  of  bubble  rise.  Needless  to  say,  any 
good  structural  foam  is  such  that  this  distinction  is  negligible.  Directional 
effects  may  be  substantially  eliminated  by  using  somo  pressure  in  the  molds. 

The  figure  (Fig.  11)  shows  a  stress  strain  curve  in  compression  for  a 
Hooker  1?<",  one-shot  foam  of  17.3  pcf.  As  you  can  see,  we  have  a  straight 
line  relationship  following  Hooke's  law,  and  at  maximum  stress  reach  a  true 
yield  point.  This  is  a  typical  diagram  for  Hooker  foams  in  compression,  dome 
thermoplastic  or  semi-rigid  foams  do  not  show  this  type  of  diagram,  but  show 
a  continuous  curve  to  the  right,  without  a  definite  yield  point.  In  these  cases 
it  is  necessary  to  pick  an  arbitrary  offset,  at  which  to  measure  yield  point. 
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fi'i'if,/’  t  j*  i  call  v  ’..'It1’  .  'rr\;.  i  t.y .  py  contrast  the  pn!  1  i  shed  values  for  p  M  v:d new 
foams  show  o.  pi  j  vn1  <  'it.  str'  ngt  hs  a1  f  p  of,  hi*  mu  Mi  l'u;<  j*  sf  r  '  ugt  h:>,  t  h<  order 
of  I'’0  ps  i ,  at.  |  rf,  vj  t.h  a  1  i  n  ar  strength  -  tensity  r<  1st  ienohip. 

A  comparison  of  room  temperature  oonpr'  ssivc  st.i  ffnor.s,  <t  m  ><iu  Ins,  Ip 
presented  in  F i g .  I1,  data  are  shown  versus  density  r,r  a  Hcr-lmr  If  ,  ire-shot 
foan,  and  compand  w  1  t.h  data  published  ly  In  Font  for  typical  polyi  st.or- 
polyurethane  foams.  For  a  given  If  ns  j  t.y,  th<  Hooker  foam  :;!  .ws  a  much  higher 
modulus.  Tine  non  Id  possibly  bo  explained  by  the  high  HLT  Acid  content,  and 
the  fact  that  this  system  is  thoroughly  cured  at.  about  ?t0oF. 

All  materials  lose  strength  as  temperature  is  raised.  Before  urethane  foams 
can  bo  seriously  considered  ns  structural  materials,  we  must  know  how  they  are 
affected  by  rise  in  temperature. 

Fig-  Hi  demonstrates  .loss  in  compressive  yield  strength  ror  ar  experimental 
Hooker  1?/,  semi -prepclyuT  high  heat  distortion  foam.  Foam  densities  shown 
are  for  P.’i  pcf,  7.0  pcf,  and  07.11  pcf.  There  is  relatively  little  loss  of 
strength  out  to  337°F,  and  57,j  strength  retention  at  7117  -  2r0°F.  Above  this 
temperature  compressive  yield  falls  off  rapidly. 

Plotted  for  comparison  in  the  two  lower  foam  densities  are  published  data 
from  du  Pont  on  conventional  polyester  urethane  foams.  These  ,.rc  not  high  heat 
distortion  foams  and  have  H7,j  strength  retention  at  about  The  .Hooker 

1P7;  one-shot  foam  has  high  temperature  strength  interne dial e  between  1  he  f.vmr. 
shown,  with  a  strength  retention  between  <?l>0nF  and  2?H°F. 
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I  :  on  obtained  at  K.  oker ,  Herb  ■  r<  •  lata  on  creep  are  desirable  I  >  <  ?  >  ■  f  i  no  foam 
j>*t fnrmr.nrc  under  load.  Compresr.j ve  erei-p  at  lt>n0F  wan  measured  at  ?[■■,'>  of 
room  temperature  ultimate  strength,  which  In  this  case  corresp  n  Is  *o  ro>:- 
ppssive  yield  strength.  Curves  an-  shown  tor  '  pef  ijylitc  I  polystypev 

bends,  arvl  a  1?  [>rf  Honker  1  ?f ,  one-sh  :t.  The  iiylite  carried  ■n.'i  j  >r  1  eem- 
prossive  load,  and  the  Hooker  f nan  carried  a  b°,  p.oi  load.  Creep  in  shown  an 
portent. . 

For  Dylit.e  creep  wan  very  rapid  initially,  going  to  in  only  seven  hour:, 
and  continuing  at  decreasing  rat*-  tn  at.  'HI  5  hours..  A'  this  point  t  h<  fn 

appearc  I  to  stabilise  and  had  negligible  additional  creep  for  the  duration  of 
th"  1  •  ■  ot . 

The  Hooker  foa;r,  pave  significantly  less  crpep,  and  at  a  much  slower  rate. 

At  well  over  1'">'V'>  hours  the  creep  was  only  or  less  than  the  creep  of 

Dylit.-  at.  seven  hours. 

As  a  qualitative  n°nsure  of  foam  brittleness  in  compression,  it  is  interest¬ 
ing  to  measure  resiliency  of  foams.  A  foam  cube  is  crushed  beyond  its  yield 
point  to  HOii  of  original  height,  the  load  removed,  and  the  recovery  noted. 

Table  1  shows  percent  of  original  height.  regained  immediately  after  load 
removal,  and  ?},  hours  later,  for  low,  int  «  rated  i  ate,  and  high  density  foams. 

In  all  cases  immediate  recovery  is  to  /n  -  f(\  of  original  heirlit,  giving  as 
high  as  ?n;j  after  ?)i  hours.  A  completely  brittle  material  would  stay  at  £0(j 
with  no  recovery. 
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I'l  '"■ft:  vl*  r  i  mi;  :  • 1  ■  r  ■  ’ .  !'  m.  •  *'  v  ■ !  I  !  ■ !  !  ■  ■  ,  ‘  h*  1  ••! 

1  t  o'\t  rr.it  Mp1  ■  t  rue  t  nr*  ,  1  b  m  •  "of ">r‘  ir-d  •  '  .  •  h .m > ’  ■  I  •  •  ■  ■  r. 

un-obi  e  t  ■  <'ip.  i  'iv'fi"  who  1  t-  -  *  • :  I  i  ■  !  f  mi  .»-•,]  r  ■  ■  >  ;  V  1  *.  .  TM  ;i 

1  :j  iopertant  -ind  :o  -mI  !  1  <  •  n>  .  .  v  r,  o  "r  1  ’ •  ^ r. . i  ■  ■  ;  v<  hnv  obt  a  j r>< ••  I 

rather  1  Imit  e  I  V-  m  c-  .q  P'-. .  <  1  :  :  *  r •  •  i ,  (  H : .  .•••>  ’  r-s i  1  i "n--v  .it.  t.  •  r.>- 

tt|pi*;5  . 1  -  v  -n  t  i  Thi  1  '  h  v*  in!:  rv>  f- 1 1  In.;  rr,  ml  |  <  rh.oj  :■ 

modest  plsr,  in  h^'h  ew--"prrssi  ve  v'<l  !  .and  pi-rilirnrv  at  1  r.y  t  'Miper  ■  (  nren. 
However  much  more  date  .ore  n"'  1«  •■ !  t.e  r'l'cv.  cr  bv-.y  *  hi  .**  indie;  tinn. 

The  ultimate  ♦  <  of  a  rd  r-id  .iii—I  ir>>.ep;  ,•  1  j;.  it',  ability  to  support. 

Itself  and  the  functional  1  ends  imposed  open  it.  FI".  Vt  rh;  -  a  load 
bearing  comparison  between  Hooker  Iff,  one-shot  roam  and  some  conventional 
materials  ••  brick  masonry ,  cone:*'.  1  i  neat'  n-  ,  mar^l'-  -  :is°  1  in  compression. 
The  enrvo  shows  the  column  h<  ;ght  reqoi  •■.;.!  *o  cans'  compressive  failure  in  the 
material.  Allowable  design  lo.al.lnjo  are  of  course'  much  Jess. 

The  interest. inj  fart,  is  that  foam,  in  r-n  npp reprint-'  density,  generally 
falls  above  the  conventional  mn*  e-rials  shrun  in  its  self-supporting  ability. 
Thus,  whi  1  ■  thv  structural  properties  of  f-'ams  -.ay  not  approach  ‘.b-'se  of 
steel,  c'lticre' e,  and  other  material  s  -r  a  pound  per  square  inch  basis,  it  is 
quite  able  t )  support  itself  in.  l.arg.  structures  ’."cause  of  its  lew  density. 

It  also  appears  to  off. a-  al-quaie  res--r.'e  to  handl"  the  other  functional 
loads  required  of  a  simple  sb'-lt<  r. 

Information  on  tensile  pr-"p<— ti  es  of  foams  .is  more  difficult  to  obtain  than 
compressive  data,  and  cons  •qcc.oil”  I  have  less  to  present.  Cur  testing 
equipment,  does  not.  permit  us  to  .measure  tensile  load  -  le for.ua t. ion,  hut.  only 
ultimate  tensile  strength.  This  is  shown  o.n  Fig.  17,  versus  foam  density,  for 
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,  ■  '•  ‘1-  ,  '■  I1  '  .  "  1  -  '  ,  r  l 

1  in. with  .'-it  ‘y,  Ic.t  ’  •••..  :  1  1  d  i  '  v  i  - 

a  1  f  pc  f  foam.  However  /»»«'  r  .■  r  <  •  < '  <  m  t.  i,.f  a  •  1 i  -i  !  irg  (tv  c"i"'"  to  h.  ;h-  r  Hi:  i ' 
indicate  Hi''  curve  <1  br-omr  s*  — p<  r  as  busily  inor'aS"S. 

Ti"i:,il"  cp  op  at  l''°'r  f  >r  2  pof  jylil."  and  a  1  2  pcf  IP  ,  nn«  -rhH. 

foam  is  shown  in  r’lg.  IF.  Load  on  both  fiams  is  .'22  f  ultimate,  t'Hng  ’’ V; 
psi  far  tho  Dylit.c,  and  7^  pci  for  the  ilrt'i-r  foam.  The  Lfylito  showe  I  ruri  1 
creep  to  ?.  2  in  the  first  ten  hours,  went,  to  22  at  7F  hours,  and  reached  'p0,* 
at.  I|5?  hours,  where  it  held  constant,  until  the  L<*at  war  ended  at  727  hours. 

Tho  polyurethane  fon.ii  shows  a  positive  creep  of  7.5,i  in  the  first  L« >n  hour: 


and  then  hep  an  to  show  negative  creep  rate,  possibly  caused  by  shrinkage 
attending  further  curing  at  this  temperature.  At  J2  hours  the  creep  deforma¬ 
tion  was  -r'.7/j,  remaining  constant  to  over  200  hours,  and  rising  t.o  -"'.22 
71  hours  when  the  test  waa  discontinued.  Again,  the  rather  striking 
difference  between  the  thermoplastic  ff/lite  and  thermoset  urethane  is 
demonstrated.  If  is  likely  that  longer  ti.ne  tests,  which  would  be  very 
desirable,  would  demonstrate  even  greater  difference. 

Shear  strength  is  another  property  of  foam3  which  ,1s  difficult  to  measure, 
except  at  low  densities.  At  densities  above  0  pcf  sample  shear  strength 
becomes  high  enough  so  that  failure  often  comes  not  in  shear,  but  at  the 
adhesive  line  holding  the  sample  in  the  test  jig. 

Fig.  17  shows  shear  strength  versus  density  for  the  Hooker  127,  one-shot 


foam  at  roor.  temperature. 

The  flo::ur,il  strength  of  Hooker  127,  one-shot  fo am,  with  the  load  parallel 
t.o  the  direct  ion  of  foam  rise,  is  presented  in  Fig.  2\  Jangle  size  is 
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1"  <  1"  •  r  :,y  l-'M  a  li  inch  s;  no.  A.:;  in  >a,  oral 

•!  h  i  n  c  f* '  'i  gcc-irt  ri  ly  with  foam  density. 

’•■)>'  or  >1  modulus,  a  measure  '>f  r.t  i  ffness  in  bon  ling,  l  rcseut.e  i  in 
Pip,  21.  Although  ih°  tost.  in  not  directly  comparable  to  that  one  !  for  wood, 
foam  flexural  modulus  j.n  eons!  h-raHy  under  that  for  various  woody,  por 
instance  balsa,  H  pcf,  ha.n  a  flexural  modnlny  of  l|?r>,0n0  pal,  compared  to 
only  at  on*.  py]  for  an  f  pcf  foam. 

Cri'ep  In  bonding  is  coripared  in  Fir.  2 2  for  1  pcf  Dvllt.e  and  a  12  pcf 

Honker  126 ,  one-shot  foan,  both  at  15A°F.  Specimens  were  1"  >  1"  crons 

section  and  loaded  at.  the  midpoint  of  an  A  inch  span  to  2i>,J  of  ultimate  room 

temperature  flexural  strength.  Load  on  Dylite  in  22  p3i,  and  on  the  poly¬ 

urethane  foam  is  120  pai.  Dylite  takes  an  immediate  deflection  of  0..?  inches, 
going  in  fO  hours  to  a  defloction  of  O.d  inches.  Thereafter  creep  at  13’ft°P 
is  relatively  slow,  going  n.92  inches  deflection  at  720  hours.  At  this 
point  temperature  was  raised  to  176°F  and  deflection  more  than  tripled  to 
?.£  inches  at  76fi  hours. 

The  Hooker  foam  in  2) i  hours  had  a  deflection  of  only  0.1  inch,  which 
increased  slightly  to  0.1}  inches  at  720  hours.  Increasing  the  temperature 
to  17m  F  raised  deflection  only  to  0.16  inches  at  760  hours. 

If  polyurethane  foams  are  to  be  considered  for  structures,  they  must 
either  have  inherent  weather  resistance  or  be  capable  of  being  suitably 
protected.  Certain  polyurethane  foams,  particularly  the  older  castor  oil 
foams,  had  poor  weather  resistance,  deteriorating  badly  on  exposure  to  ultra¬ 
violet  light,  and  moisture.  In  our  own  laboratories  we  tested  in  the  Atlas 
'.feather  meter  the  Hooker  12:,  one-shot  foam,  of  various  densities,  both 
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7.,  !.i!  'l  i  s  r,  W".i’h"r  r«*u  i  stem'  and 


’»"■  i!  !  i'll  ;r  ic;  !•  I  !y  R.;lil  in. 

■  •If  ■•;.!•; f -» 1  ly  transpar'-nt.  s»;rfn>-*-  mat  in,-;  !•  . < ■  1  ->p< ■  .1  for  re  I  ■  vies. 

R.y/ilt.:;  at  h  -.urs  ■  pn.v.ir*-  r«*  shown  in  FI;.  ?\  A1  though  t  ho  i-aw  f 
h.r.'"  turned  '  rown,  n  m"  'f  the  samples  ha/"  changed  weight  <hi< -  to  "region  nv 
•nisture  i> : c !;■ : p .  .original  sample  dimensions  nave  been  retained. 

At.  this  paint,  the  test  was  !1 scent inued  far  the  5.7  pcf  and  1 3  •  ^  pcf  foams, 
and  \h"  wr-at.h'Tn  !  samples  ware  test,"  i  in  compress ion  and  tension.  Mo  logs  of 
physical  strength  had  boon  ca»S"d  by  the  accelerated  weathering. 

T!ie  weathering  test  waa  continued  on  the  C.5  pcf  sallies,  Radalon  coated 
and  unconteil.  Mot ic.  cable  erosion  began  on  the  uncoated  sample  at  about  1000 
hours,  wjt.h  a  somewhat  sugary  surface  developing.  The  teat  has  now  run  over 
?5nQ  hours,  and  the  Radalon  coated  sample  is  still  in  excellent  condition, 
al though  recently  some  deterioration  of  the  Radalon  coating  has  begun.  From 
this  data  we  would  be  confident  that  a  suitable  surface  coating,  ouch  as 
Radalon,  will  give  quite  adequate  weathering  resistance  to  a  foam  structure. 

At.  times  it  may  be  desirable  to  use  inserts  of  other  material  imbedded  in 
a  foam.  The  thermal  coefficient  of  linear  expansion  of  most  polyester-poly¬ 
urethane  foams,  including  Hooker  12^,  one-3hot.  foam3,  is  in  the  range  of 
2.0  -  3-?  x  13  per  °F,  over  a  range  from  -7rnF  to  17f'°lr.  This  is  about 
double  that  for  aluminum,  and  three  to  four  Limes  that  for  steel  and  stainless 
steel . 

Folyester-polyurethane  foams,  in  the  higher  density  ranges  we  are  discuss¬ 
ing,  have  good  dimensional  stability,  ns  indicated  in  the  discussion  of 
weathering.  They  are  also  unaffected  by  water  and  most  organic  solvents,  and 
have  high  resistance  to  acids  and  alkalis.  This  inertness  to  various  solvents 


17? 


of  tho  rigid  polyurethane  foamo  ia  ouperior  to  that  of  the  thermoplastic 
foams  ouch  ao  tho  polyotyrenoo . 

Tho  eloctrical  properties  for  Hooker  126,  one-ohot  foam  is  given  in 
lhbles  2  and  3*  'Hilo  data  vaa  obtained  from  the  Laboratory  for  Insulation 
Research  at  M.I .T, 

More  recent  information  indicates  that  Hooker  semi -prepolymer  foamo  aloo 
fall  in  this  range,  which  is  fairly  typical  of  polyester-polyurethane  foams. 
8ince  in  particular  heat  cured  polyurethane  foam  shapes  can  be  made  without 
any  appreciable  "skin",  or  high  density  resin  layer  on  the  surface,  these 
good  electrical  properties  car  be  fully  realized  in  practice. 

In  the  consideration  of  foams  as  structural  materials,  mention  should  be 
made  of  fatigue  and  impact  properties.  Unfortunately  no  reliable  data  exist 
that  we  know  of  on  either  fatigue  or  impact.  As  interest  in  polyurethane 
foams  for  structural  purposes  grows,  definitive  data  will  have  to  be 
obtained.  Experience  to  date  does  not  indicate  that  polyurethane  foams 
are  deficient  in  these  properties  for  the  fixed  structures  considered. 

The  fire  hexards  of  foam  structures  deserve  most  careful  consideration 
since  the  thermoplastic  foams  (except  vinyls)  and  most  polyurethane  foams  a^e 
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i  1  ;  ar  n  .  •  f  f  -  I !  •  r  .•  I  •  giv  . 'u  :  rilly 

h<  •!'  r . ' : r f as  per  :  f  i1  T  j  r  : ■  c t  -  I  :rr  ,  w ! 1  h  d  ‘  .  i:  I'  li ; rh 


r  *  '  -'r  H-  I. 

It  is  p  iM<-  t">  , •  i  v ■  •  m-  <  ”.1  i  nut  j ;  ilyurethane  fein:  !!'- 

evtinguishine  properties  '  y  incorpnrn'  i*Y  ••Muffin,’  a  p-nts  Mich  nr.  trir. 
chlu-ethyl  phosphate.  Th<  s"  nr"  VI r  ■  pi  as'  iriz-’rs,  and  seriously  weaken  the 
foam,  j'crt  io’il  nrly  at  above  room  t  cnp*  rat  nrc. 

n.c  Hooker  polyurethane  foams  obtain  buil'-in  fire  r<  si  stance  through 
nt  t.ho  stable,  highly  chlorinated  rhloren  lie  acid  in  t.ho  polyester  molecule. 
Tills  gives  permanent  fire  resistance  of  a  hi p;h  decree,  increasing  with  foam 
density,  and  actually  give3  improved  foam  str' ngt  h  an  I  stiffness. 

The  measurement,  of  practical  fire  resistance  in  foams  is  not  well  defin<  !. 
It  is  orvious  that  simple  "mateh"  tests  and  other  small  scale  comparative 
tests  do  not  measure  real  fire  hazards  of  structural  materials.  The 
Underwriter's  Laboratory  has  developed  methods  and  much  data  for  rating  the 
real  hazards  of  building  materials.  In  the  1  one  run  foams  that  are  intondc! 
for  large  structures,  and  particularly  those  housing  personnel,  will  have  to 
be  rated  with  more  conventional  mat.-Ti al s  by  t.est.s  'uoh  as  the  It,  icrwri  tors 1 
fall  Test  and  Tunnel  Test.  At  present  this  kind  m,  information  is  not  avail - 
ahl  e . 

In  summary,  we  have  presented  a  very  brie''  discuss  i  on  of  p  lyestei— 
polyurethane  foams,  their  chemistry,  an!  their  structural  properties,  with 
particular  emphasis  on  polyurethane  foams  based  o.n  rhlorendir  aei  1.  l.V  have 
noted  the  complexity  of  this  field,  and  the  need  for  identifying  and 
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COMPRESSIVE  STRESS-PSI 


STRAIN  -  i N./lN. 


Figure  11 


HOOKER  126  FOAM  -  ONE  SHOT 


COMPRESSIVE  STRENGTH  AT  YIELD  POINT  VS.  DENSITY 


LOAD  PARALLEL  OR  PERPENDICULAR  TO  RISE 


TEMPERATURE  -  73.4°  F. 


PREAQ  OF  DATA 


2  4  6  8  10  12 


FOAM  DENSITY  (PCF) 


Figure  12 


COMPRESSIVE  YIELD  STRENGTH  VS.  TEMPERATURE 


HOOKER  126-  PREPOLYMER 
HIGH  HEAT  DISTORTION  FOAM 
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Figure  15 
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RESILIENCE  OF  HOOKER  126 -ONE  SHOT  FOAMS 
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COLUMN  HEIGHT  AT  COMPRESSIVE  FAILURE 


FOAM  DENSITY  -  PCF 


Figure  16 
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HOOKER  126  FOAM  -  ONE.  SHOT 
SHEAR  STRENGTH  VS.  DENSITY 


LOAD  PARALLEL  OP  PERPENDICULAR  TO  RISE 
TFM  PFRATUDF  -  73.4°  F 
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HOOKER  126  FOAM- ONE  SHOT 
FLEXURAL  STRENGTH  VS.  DENSITY 
(load  PARALLEL  TO  rise) 
(sample  size  i‘x  i"x  4"  span) 


FOAM  DENSITY- PCF 


T 

/  J 
/  / 
/  / 

/ 

/ 

1  / 

/  ; 
/  / 
/  / 

■  /  _ 

/  / 

/// 
/  / 

f 

/  / 

/  / 

j/v 

1 

. _ . 

■L' inure  20 


197 


FLEXURAL  MODULUS 


HOOKER  126  FOAM  -  ONE  SHOT 
FLEXURAL  MODULUS  VS.  DENSITY 
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POLYURETHANE  FOAM  -  DIELECTRIC  DaTA  @  1000,  3000  6  8500  Me 


f 

DENSITY 

(  ,  ,  ,  A  .  \  \ 

r 

24  ,000 

Mcps 

\  ID 

l  Hooker 

t  :  > 

\  ?6  f  OOrTi 

£  < 

£  2 

Tan  l 

1 

Measured  No^.na. 

PAR  A  [.  1 
TO  FOAM 

EL 

RISE 

FT  RFf  MM-  JLAR 

TO  K)AM  RISE 

* 
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cl  1 
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FACE  < 
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2  AVG 
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AVG. 
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1 1 
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I 

1.180 
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t 

1.179 
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<.<79 
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1  <.<78 

<174 
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• 

].. 

i 

• 

• 

'  24. 8< 

25.8 

| 

<439 

1.443 

1.441 

.0048 

26.38 

25.8 

1.457 
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25.32 
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1.4  44 

1.443 

24.45 
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<.  399 
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1.414 

— 

♦  — 
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• 

33. <8 
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1. 591 

1.  592 

32.69 
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1.  578 
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< .  612 
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< ,  6  <  8 

34.34 

33.0 

<.60  3  , 

1.616 

i  1.610 

.0063 

1 

1 

i 

ii 
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| 

*  LOSS  TANGENTS  WITHIN  EACH  GROUP  ARE  WITHIN  5%  OE 

values  shown. 

table  in  RIGID  POLYURETHANE  FOAM  -  DIELECTRIC  DATA  (a) 
24,000  Mcps  (  EFFECT  OF  SPECIMEN  ORIENTATION  WITH  FOAM 
RISE  DIRECTION). 
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'’UCI.F.AF  THFI-f-'AI.  A’D  hADI/'HCT  "F^T,'rS 
CK  R  A  DO'S  W""CTAI5. 

H.  S.  Schwartz 

Wright  Air  Development  Center 

Wright  Patt'Tr.or.  Air  For  ■»'  Dayton,  Ohio 

ABSTRACT 

The  effect  of  simulated  nuclear  thermal  radiant  energy  environ¬ 
ment  on  converts  nal  and  heat  rpslstent  radomp  laminate  materlala  of 
polyester,  TAC  polyester,  eooxy,  silicone,  and  phenolic  glass  fafcrlo 
base  ccnstruction  uas  evaluated  by  dynamic  mechanical  property  tests 
and  visual  observatl r n.  The  effect  of  nuclear  gartna  radiation  on 
laminate  and  sardwlch  material?  was  evaluated  by  mechanical  and 
electrical  nroperty  tests  after  and  during  Irradiation. 
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irRCDUCTICN 


The  utiliEfttlor  of  nuclear  energy  for  destructive  ournoses,  such 
as  nuclear  weapons,  and  for  constructive  purposes,  such  as  oovor  reactors, 
introduces  new  exposure  environments  which  must  be  considered  by  materials 
and  systems  engineers.  The  information  presented  horein  shows  the  effect 
of  exposure  environment  on  the  materials  properties,  as  compared  to 
reference  properties  of  unexposed  materials.  It  is  intended  that  the  data 
will  provide  information  on  the  environmental  limitations  for  materials 
and  on  the  selection  or  appropriate  materials. 

The  materials  evaluated  were  conventional  polymeric  type  radome 
m-te^lals,  such  as  glass  fabric  base  clastic  laminates,  allcyd-lsocyanate 
foam  core,  foam  core  clastic  sandwich,  white  reflective  coatings,  and 
rain  erosion  resistant  costings. 

One  exDOGure  environment  was  thermal  radiant  energy  having  spectra] 
energy  distribution  simulating  the  actual  conditions  (assumed  to  be 
6COO°K)  and  having  parameters  of  intensity  and  time  over  a  square  wave 
pulse.  rhe  exposure  environment  representing  nuclear  power  reactors  wan 
gamma  radiation,  rather  than  a  mixed  gamma  and  neutron  flux  which  actually 
occurs.  However,  the  physical  and  electrical  changes  in  structural 
plastics  which  result  from  ganxna  radiation  and  fast  neutron  irradiation 
are  quite  similar  on  the  basis  of  energy  absorbed,  and,  therefore,  a 
radiation  effects  program  performed  in  a  gamma  field  reflects  the  behavior 
of  a  material  exposed  to  a  mixed  radiation  evrviro  resent.  Time  of  exposure 
was  the  variable  parameter  for  the  gamma  radiation  environment. 


204 


A.  ‘"hermal  1  n  M  •:  t  | <  p  "va' u'1 1.  i  i.  n 

In  ccrduet.l  r.e  th«  1  ■<  hr  r  1 1  <  rv  rrrr,',tm  t(  pvalu»to  rVisMc  1  *ur  1  r>«  t  r>  s 
nr-!  surface  cpnUrj'fi  i  r-  r  r.  i  irul  ited  e*".'i  p  raner*  al  cordi  t  ions.  of  hleh 
intensity  * hermal  ra11,,tirnl  the  irdenon<'pnt  variables,  *est  naramstprs, 
and  pvilu  1  i<  r  criteria  were  <rtnM  i  :•  h«>  •!  ‘<  on  vide  dn*«  uhi'-h  would  be 
useful,  rot.  c  r. 1  v  for  aircraft  mb  res,  but  also  rcr  c'i.<*r  related  anil— 
cat  lone,  such  as  pre  unri  radores. 

~he  irde;ierdert  variables  were  material  ccrrtiucti c r,  ard  thick¬ 
ness,  ard  tensile  sires;  levels  if-  pr>r  cord.  cr  ultimate  ♦orslle  strorpth. 
Var'shie  parameters  we^e  ret  rf(  rcemert  oriertatic n,  lamiratirp  resin, 
surface  cort.irrs,  aryl  rediart  ererpy  irtersity.  ^he  evelunt'. -t,  criteria 
w<  vp  mecbaricnl  ary]  , Physical  depradntlcr,  expressed  tr  time  ard  qunrtity 
of  radiation  required  to  cnuce  failure  or  damage  cf  meoharioally  stressed 
"rd  unstressed  specimens. 

All  thenra]  radiation  tests  werp  ccrducted  ot  thp  facilities  of 
the  iatorlals  laboratory,  Piroctorate  of  labor : tor les,  Wright  Atr 
Devplcmert  Cprter,  l  ripht>-Pa  tier  sen  Air  'ores  Ease,  Ohio. 

Thp  rrimary  objective  of  this  nropram  was  to  determine  the 
effects  of  hiph  intensity  thermal  radiation  on  the  mechanical  properties 
of  plastic  sandwich  materials  cf  the  types  used  in  aircraft  radomes. 

It  whs  apparent  that  the  outer  skir  of  the  rlastic  sandwich, 
beinp  the  pxD03ed  surface,  was  a  critical  sandwich  component  (the  skir.- 
to-core  bond  also  can  be  critical',  and  therefore,  it  was  decided  to 
conduct  tests  on  thin  elastic  laminates  about  0.035-C.04C  inch  thick, 


represen' a* 1 va  of  Inn;  In  it  t  o  sk  in;,  used  In  itircrnr!  r«  domes.  The  nv^erlale 
leafed  were  nil  lyjilryl  glass-fabric  base  ;  InrMr  liimt  rates  differing 
principally  in  Ihc  lamina 1  ing  roaln  used.  The  laminates,  designated 
according  lo  resin,  consis'od  of  a  conven' ional  nolyos'er  (Polyll!o  8000), 
a  heat-reaiolnnt  phenolic  (CTL-91LC ),  a  silicon'i  (DC-21C6),  a  irlallyl- 
cyanurato  polyesler  (Vibrln  135),  and  a  heat-resistant  opoxy  ( X— 13 1 ,  now 
known  ao  Epon  1310). 

Hie  polyester  lamina to  was  ovalui  ted  in  three  different  forma: 
nao  received";  surface  to  be  exposed  coating  with  a  rain-erosion  resistant 
coating  (dosigna'od  ao  Polylite  8000-1);  and,  surfaco  to  be  exposed  coated 
with  a  white  thermally  reflective  coating  applied  over  the  rsln-ero3ion 
coating  (designated  ao  Polylite  8000-2).  (The  two  suffix  designations 
were  used  for  reference  purpooos  and  are  not.  manufacturer's  designations). 

In  addition,  a  series  of  toots  werp  run  on  speclmeno  of  each  material 
painted  black  to  evaluate  strength  under  equivalent  hea*  absorption;  the 
use  of  tile  black  paint,  was  merely  a  test  expedient.,  Ths  materials 
evaluated  were  not  necessarily  formulated  or  constructed  to  withstand  the 
extremely  severe  environmental  teat  conditions  to  which  they  were  subjected 
and  therefore  any  data  reported  on  them  should  not  be  construed  aa  reflecting 
on  their  quality  or  performance  under  normal  conditions. 

The  polyester  laminatea  were  made  with  Style  112  glass  fabric  and 
the  others  with  Style  181  glass  fabric,  A  description  of  the  laminates, 
including  component  materials  and  fabrication  procedure,  is  given  in  Table  I, 

A  description  of  t.he  coatings  used  on  the  Polylite  8000  and  of  a  white  rain 
erosion  coating  evaluated  for  absorption  and  degradation  is  given  in  Table  II. 
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1 .  Mechanical  lYoi-'i'ty  ""»'3 


UlMmaio  ( nns  l  lo  s' rang".  wns  selnc'ed  ns  the  mechanical 
property  rrl’.'Tlon  ‘'or  dn’prmlnlng  'he  rosiM'anc*  of  'he  ma'erinla  to 
degradation  hy  thermal  rails  Mon.  The  size  and  conflguraMon  of  l.ho  tonsile 
t.»iat  specimens  wore  In  accordance  with  Federal  Specification  L-P-406b, 

"1  l/igtica,  Organic:  loneral  Specif  icuMons,  ~os  t  Methods",  Method  1011, 

Type  2,  w'Mch  specifies  a  gauge  ooction  1  //,  inch  wide  and  2  l/A  inches 
long.  For  the  initial  series  of  tests,  'ho  specimens  wore  machined  with 
their  longitudinal  axis  parallel  to  tna  fabric  warp.  This  is  common 
practice  in  determining  design  da'-a  on  plastic  laminates.  However,  in 
thermal  radiation  tests,  resin  degradation  was  partially  masked  by  the 
continuity  of  the  load  bearing  capability  of  the  glass  fabric.  Therefore, 
subsequent  Vesta  wore  made  on  specimens  having  their  longitudinal  axis  at 
45  degrees  to  the  warp,  so  the  resin  and  resin-to-glass  bond  supported  the 
load . 

The  test  procedure  used  for  each  material  was  follows i 
A  room  temperature,  ultimate  tensile  s'rength  control  value  was  determined 
by  testing  five  random  specimens  rrom  the  same  panel  and  averaging  the  test 
values.  The  control  tensile  strength  dntn  are  shown  in  Table  III,  The 
remaining  specimens  were  randomly  arranged  into  groups  of  five  specimens 
each,  each  group  to  be  irradiated  under  stress  with  a  stress  level  within 
the  range  of  20  to  60 1,  of  ultimn'e,  at  increments  of  10$  stress.  Tensile 
stress  was  applied  by  a  Cal-Tester,  on  electric  motor  driven  hydraulic  test 
machine,  which  applies  load  in  the  horizontal  direction.  A  photograph  of 
the  radiant  energy  source  is  shown  in  Figure  1,  and  a  photograph  of  the  Cal- 
Tester  in  operation  is  shown  in  Figure  2.  For  each  material,  two  series  of 


testa  ware  conducted,  one  at  an  intensity  of  25  cal./cn  -ocoond,  and  tho 
other  at  10  cal./csr^-socord .  For  a  given  aeriao  of  toots  on  a  notorial, 
the  radiation  Intensity  was  held  constant.,  and  tho  time  required  to  cause 
ultimate  tensile  failure  at  a  particular  at-^oe  lovel  was  determined.  In 
this  manner,  ploto  of  "time  required  to  cause  failure"  versus  "otreoB 
level,  percent  of  control  ultimate"  were  obtained.  The  effect  of  radiation 
intensity  on  total  lnoident  onorgy  (lntemilty  Multiplied  by  time  of  eipoeure) 
required  to  cauae  failure  for  different  atrees  levels  la  ehown  in  similar 
plotc,  Thoee  data  obtained  arc  proaonted  graphically  in  Figures  3  and  4 
for  "parallel- to-varp"  a pec leone  and  Figure  5  for  "45  dogree  to  warp" 
specimens.  In  addition,  Figure  6  shows  failure  tlmo  versus  aboolut© 
stresses  for  "45  degree  to  varp*  specimens.  In  addition,  45°  to  warp 
tencile  specimens  were  painted  blaok  to  oquallse  energy  absorption,  and  the 
failure  time  woo  determined  at  30^  pre-stress,  using  three  radiation 
lntensltioo,  1,  5  emd  10  cal, /cm  -second.  The  results  are  shown  In  bar 
graph  fora  in  Figure  7.  Tho  time  required  to  cause  ultimate  failure  was 
determined  experimentally  in  the  following  manner  »  For  a  given  group  of 
five  specimens  (at  &  particular  stress  lsvel),  one  specimen  was  eelsoted 
to  be  exposed  for  an  arbitrary  time  period,  euy  five  seconds.  Depending 
on  whether  the  specimen  failed  or  did  not  fail,  the  exposure  time  was 
respectively  decreased  or  increased  until  about  $%  of  the  representative 
tlss  separated  the  failure  tine  from  the  no-foilar®  time,  Tho  two  closest 
failure,  no-failure  times  were  then  averaged  to  yield  the  representative 
failure  time  for  the  particular  stress  level. 
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2.  Vjjmftl  Degradation  Teptp 

The  threshold  lovel  in  terms  timo  and  total  incident  energy 
required  for  visual  degradation  of  the  .^iterlalf  wao  determined  experinen tally 
by  a  method  similar  to  that  described  above.  In  addition  to  the  laminates, 
a  white  rain  eroeion  resistant  coating  of  the  neeprene  type  (Gates  KV-9431) 
was  also  evaluated. 

The  Laminate  specimens  were  one  inch  in  diameter  andw9re  placed 
in  a  spocial  wedge  type  specimen  holder,  so  that  the  specimen  was  supported 
at  only  two  points  on  its  edge,  to  minimize  heat  transfer  from  tho  specimen 
to  the  holder. 

Teota  were  conducted  st  radiation  intensities  of  10  cal./cn^- 
2 

second  and  25  cal./ns  -second.  Evaluation  criteria  wore i  (l)  first  visible 
dioooloration  or  degradation,  (2)  charring,  and  (3)  ignition  or  delasi.4 nation. 
Data  were  taken  in  terms  of  time  required  to  cause  degradation  and  were 
converted  to  total  incident  energy  values  by  multiplying  by  radiation 
intensity.  Test  results  are  Bhown  in  Table  IV. 

The  determination  of  absorptivity  for  all  test  materials, 
including  the  coated  Polylite  8000  and  tho  KV-9431  white  rain  erosion  oo&ting, 
was  computed  from  experimentally  determined  speotrt-l  values  cf  rofleotanos 
and  transmittance  over  the  rsgion  of  04  to  2.0  microns,  and  the  theoretical 
curve  of  spectral  energy  distribution  from  a  6000°K  black  body,  which 
cloeaiy  approximates  the  carbon  arc  souroe. 

A  .graphical  illustration  of  the  method  of  calculation 
is  shown  in  Figure  20. 
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The  energy  below  0.4  mlarons  and  above  2.0  microns  was  not 
lnolnded  In  the  absorptivity  computations  because  of  difficult/  in  obtaining 
spectral  reflectanoe  data  in  these  regions.  Fortunately,  the  energy  outulde 
these  limits  io  very  small  oonpared  to  the  to’al  energy  emitted  by  the  oarbon 
arc  oource,  and  therefore  the  absorptivity  data  are  considered  valid  for 
engineering  purposes. 

Valuee  of  integrated  normal  incidonce  absorptivity  computed 
for  the  materials  are  shown  in  Table  V.  Spoctral  valuoo  of  reflectance 
and  transmittance  for  the  test  Eaterials  are  ohovn  in  Figuron  8  through  19. 

4.  fiadar  Tr.ingalBPlon  Through  Goatgd  l/idnstce 

The  radar  transmission  coefficient  at  9375  megacycles,  phaeo 
delay,  and  ourface  resistivity  for  0.050"  thick  glass  fabrio  beoe  polyester 
Lud.nat.js  coated  with  KV-9431  white  rtin  erocion  ooating  was  determined 
directly  after  application,  after  3  months  v gathering,  and  after  6  seethe 
wathoring.  Roeulto  are  shown  in  Table  VI. 

5.  RfidUgtJp?rg^lu4I«pBt 

The  radiant  energy  oouroe  ver  a  Kitohell  Process  Projector 
utilising  a  oarbon  itre.  A  photograph  of  the  source  is  shown  in  Figure  1. 

The  povar  supply  for  the  are  was  a  30  Kk  'i  *eet  current  generator  with  variable 
reeietora  to  adjust  the  ourrent  between  150  and  225  amperes.  The  radiant 
energy  beam  was  focused  through  two  sets  of  quarto  lensea.  The  marl  mm 
uniform  intensity  obtains d  was  25  cel./cm^-seoOTid  over  a  spot  one  inch  in 
disaster.  For  teats  at  lower  intensities,  ti-o  radiant  energy  bean  was  attenuated 
to  the  desired  valve  by  Interposing  ocreans  between  the  lenses,  by  reducing 
the  current,  or  a  combination  of  both. 
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Two  floto  of  shutters  were  used  to  control  the  exposure 


duretlon.  The  flrot  shutter,  called  the  "douser",  weo  et  wntor-cooled  oopper 
plate  operated  by  a  rotary  solsno'  switch.  This  shutter,  placed  between 
thn  arc  souroe  and  the  first  lens  system,  was  the  "coarse*  control  and 
opened  first,  followed  by  the  opening  of  the  aeoond  ahutter,  which  accurately 
controlled  tho  orposure  duration  to  +0.05  seconds.  The  cooond  shuttor, 
placed  between  the  two  Ians  ayrten,  consisted  of  blades  rotatabla  in 
opposite  directions  to  a  Baxim®  of  90  degrees.  The  shutter  control 
apparatus  was  an  electronic  timing  circuit  whose  oent.ral  oontrol  was  a 
digital  type  preset  oounter  which  was  used  to  set  the  time  period  during 
which  the  shutters  ram  i  usd  open.  In  operation,  the  desired  tins  interval 
was  obtained  by  setting  the  counter  on  a  oertaln  digital  combination,  and 
pressing  a  starter  switch.  The  shutter  blades  then  automatically  opened 
and  oloaed  at  the  oorrect  tlaa.  Tho  timing  cycle  vrao  such  that  an  essentially 
"'■quare  wave"  pattern  of  intensity  versus  time  was  achieved. 

Tho  radiometer  used  to  determine  the  radiant  energy  intensity 
received  by  the  test  specimen  ms  a  water-cooled  oaloriiaeter  typo  obtained 
frea  the  0.  8.  Naval  Radiological  Defense  Laboratory  in  San  Francisco, 
California.  It  oonsieted  of  a  blackened  oopper  disc  snergy  receiver  with  a 
thermocouple  connected  to  the  book  surface  of  the  disc.  The  di.ee  ms  inclosed 
in  a  housing  in  which  cooli&g  water  was  circulated  in  eontaot  with  tho  back 
of  the  disc. 

6.  ItiUauHlk. jafl . PspatoJ^sa 

a.  The  results  of  tensile  strength  tests  on  laminate  opocitsons 
at  45  degress  to  the  warp  give  a  tetter  indication  of  resin  strength  degradation 
than  do  tensile  strength  toots  parallel  to  tho  warp. 
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b.  For  unaoated  ttAteriale,  tected  In  tension  at  45°  to  the 
warp,  using  pro-s tresses  at  various  paroentagas  of  the  roan  carpers  lure 
strength  of  the  material,  tba  following  results  r/ero  noted  i  (l)  The  DC-2106 
silicone  and  thn  1-131  epoxy  had  the  highest  failure  time,  with  the  X-13I 
being  bettor  than  th®  DC-2106  at  tho  higher  pre-otreoaes ;  and  (2)  On  the 
basic  of  abeolute  strees,  the  X-131  laminate  was  better  aaohanloallj  than 
the  other  materials  tostod. 

0.  For  the  materials  painted  black  (to  produce  equal  energy 
aboorption),  tested  at  45°  to  the  varp,  at  1,  5  and  10  cal./cn^-seoond, 
and  stresoed  at  3<#  of  the  control  strength,  tho  following  roeults  were 
obtained  1  (l)  At  1  cal./cs^-seoorid,  the  DC-2106,  CTL-91LD,  and  Vlbrin  135 
materials  had  very  close  to  tne  sane  failure  tines,  respectively  4.8,  4.6 
and  4.7  seoonda.  The  X-131  wm  slightly  lower,  4,0  seconds  and  Polyllt®  8000 
auoh  lower,  1.7  seconds j  (2)  At  5  cal./o^-eeooad,  the  CTL-91LD  and  DC-2106 
had  the  highest  failure  tine,  4,2  and  3.9  second#  reopeotively.  The  Vlbrin 
135  was  somewhat  lower,  3.3  seconds,  And  the  X-131  dropped  aharply  to  1.5 
seoondsj  (3)  At  10  cal./cs^-seoond,  the  CTI^lXi)  Eiaterlal  had  the  highest 
failure  tiaa;  and  (4)  The  results  indicate  that  the  relative  Barits  of  the 
materials  depend  oonflidernbly  oa  the  rate  of  energy  input. 

d.  The  data  fro*  visual  degradation  tests  indicate  that  the 
incident  snergy  required  to  oause  visually  oboervnblo  degradation  depends 
sore  on  energy  absorption  properties  than  on  meohanieal  strength  at  high 
tcaporatureo,  except  to  a  oertain  extent  for  the  DC-2106  silicons  materiel. 

®*  09.  MfeaUga 

Tho  materials  properties  used  as  criteria  in  evaluating  effects  of 
nuolsar  relation  vorc  mechanical  properties  consisting  of  ultimate  strength 
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nnd  nodulns  of  elasticity  ind  aleotrical  properties  consisting  of  dlelsotrio 
constant  and  loss  tangsnt  at  8.5 

Throe  evaluation  phases  vere  conducted  as  follows  i 

Phase  Ona  -  Specimens  vs  re  arpoood  at  no  real  Uatperataro  in 
tha  #pent  fuel  gaJBia  facility  at  tha  Hateriala  Testing  Reaotor,  Rational 
Reaotor  Testing  Station,  Idaho  Falla,  Idaho.  Following  exposure  to  a 
specified  radiation  dosage,  the  spaciaens  wore  removed  freo  the  exposure  and 
tea tod  for  the  appropriate  property. 

Phase  Two  -  Speoiaens  for  also trios 1  property  teste  wore  exposed 
togasM  radiation  froai  a  Cobalt  60  souroe,  and  the  dio  lea  trio  oonstont  and 
lose  tangent  at  8.5  were  aonitored  during  the  exposure  period. 

Fhaoo  Thr«c<  -  Species&a  for  asehanioal  proporty  teste  were 
exposed  up  to  200  hoars  at  500^7  and  simi!  teaeously  to  gonna  radiation  free 
a  Cobalt  60  soiree,  followed  by  asshsnloal  testing  at  50Cft7. 

1. 

The  sate  rials  evaluated  were  1/8  inch  thiok  glasa-fabrio  base 
plastic  lnalnatee  haring  polyester,  hen t- resistant  polyester,  phenolic, 
epoxy,  and  elllcono  resin  binders;  sandwich  construction  consisting  of  glass- 
fabric  reinforced  polyester  reuln  l&ninate  fscas  and  a 11yd -Isocyanate  foam 
oojo;  and  alfcyd  ieoeyanate  foan  oor®  without  face  aateriol.  A  desoriptlo® 
of  the  ooapocant  Entertain  and  fabrication  procedures  eo  reported  by  the 
ssunufeo torero  are  given  in  Table  VII. 

2.  SsajUillia  Erarai  -  Phase  1 

a.  Radiation  Source  and  Exposure  Condi tiesa  -  Tha  g earn 
facili  ty  at  the  MTH  is  a  rack  at  ths  bottoa  of  a  water  danal  20  feet  deep 


artnu»i  which  la  place'"'  spent  fuol  nlnmonts  from  the  rfmctor.  ."ha  ipm'tu  fiver 

In  this  faoility  i.»  extremely  varlablo  ranging  Between  3  x  10^  rAir  to 
^  . 

3  i  10  r/iir  depending  on  the  length  of  time  the  fuel  o Laments  hnvo  boon 
out  of  tho  reactor.  The  average  gamma  energy  ie  estimated  to  bo  in  the  range 
of  0.7  to  1,2  Mot. 

Tho  Laminate  samploo  inoluded  in  this  phase  of  the  Btudy  were 

7  7  g 

exposed  to  radiation  dosages  of  6.2  x  10  ,  7.9  x  LO  ,  2.94  x  10  ,  and 

a 

9.48  x  10  roentgens.  'His  foam  sandwich  samples  were  exposed  to  radiation 
dosages  of  6  x  10^,  8.2  x  10^,  3  x  10®,  and  1  x  10^  roentgens.  Mechanical 
tests  were  performed  on  oontrol  (no  exposure)  samples  and  samples  exposed 
to  each  of  the  above  dosages. 

b.  Maohanloal  Property  Tests  -  The  following  tests  wero 
run  on  eaah  of  the  laminate  materials;  ultimate  flexural  strength,  ultima to 
tensile  strength,  ultimate  compressive  strength,  and  flexural  modulus  of 
elasticity.  These  properties  woro  also  determined  on  oamplos  whloh  were 
Irradiated  and  then  issaersod  in  boiling  water  for  two  hours.  For  those 
laminates  made  with  neat-resistant  resins,  additional  tests  vere  made  at 
500°F  after  exposure  to  this  tempera  ture  for  l/2  hour  and  200  hotrs. 

Tensile  opaciaons  wore  3/4^inch  wide  and  9-inches  long  and 
corraapondsd  to  the  Type  II  sped,  son  under  Method  1011  of  Federal  Specifica¬ 
tion  L-P-^06b,  "Plaatios,  Organic;  doners.]  Specifications,  Test  Methods". 

The  specimens  were  tooted  using  Templin  tension  grips,  with  a  testing  maohine 
head  apeed  of  0.2  inch  per  minute. 

Compression  specimens  were  l/2-inoh  wide  and  3  l/8-inches 
long,  sad  wore  restrained  from  buckling  by  mo ana  of  a  supporting  Jig  as 
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dteorlbod  in  hut-Loci  1021  or  r'odsral  Specification  L-P-406b.  Load  was  applied 
at  a  testing  machine  head  apoed  of  0.05  inch  per  minute. 

Pie  rural  apt-clcono  were  1-lnch  vide  and  4-inc.h60  long.  These 
specimens  were  tested  flatvlao  by  center  loading  over  a  span  of  2  inch*#. 

Load  van  applied  at  a  testing  machine  head  speed  of  0.025  inoh  per  minute 
and  load  deflection  data  were  obtained. 

The  foaa  sandwich  material  was  subjected  to  tvo  tests)  ultimate 
flexural  strength  and  flatwise  corspressiTe  strength.  The  flexural  epecicans 
were  1  l/2-inchee  vide  and  4-inohea  long.  These  samples  were  tested  flatwise 
by  center  loading  over  a  threo  inoh  span.  Load  waa  applied  at  a  testing 
maohine  head  speed  of  0.05  inoh  per  minute  and  maximum  load  was  determined. 

The  foam  sandwich  compression  specimens  were  2  inches  by  2 
inches  and  the  load  waa  applied  in  the  flatwise  direction  at  a  head  speed 
of  0.01  inch  per  minute.  The  compressive  strength  at  105?  otraln  was 
determined. 

The  data  obtained  on  the  laminate  specimens  and  foam  sandwich 
speoimene  aro  presented  in  Tables  YIII  and  IX  respectively. 

c.  mecueplon  of  Result  <?f.  ft?eh»nlcal  Property  T^te  - 
Analysis  of  the  data  on  the  glass  fabric  reinforced  plastic  samples  reveals 
fcbat  the  mechanical  properties  of  only  one  sample  material  is  adversely 

g 

affected  by  gamma  irradiation  to  a  dosage  of  9.48  *  10  roentgens.  The 
Epon  1001  laminate  material  reaches  a  radiation  threshold  at  6  x  10^r  and 
the  mechanical  properties  of  this  material  fall  off  very  rapidly  when  this 
dosage  is  exceeded.  Irradietion  increases  the  strength  of  the  Yifcrin  135 
laminate  when  tested  at  500°F  after  being  subjected  to  500°F  for  1/2  hour. 

However,  this  increase  was  not  present  after  200  hours  conditioning  at  500°F. 
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Within  the  atatiutlcal  liodto  of  tho  test  results,  the  mechanical  propertied 

of  tb@  rest  of  the  materials  can  bo  represented  by  straight  horizontal  linen, 

showing  no  appreciable  radiation  damage. 

The  fosa  sandwich  samples  showed  no  reduction  in  mechanical 

9 

properties  i-t  dosages  up  to  1  x  10  roentgens, 
d.  JHeotricpl  Property  TPPta  - 

(1)  Samples  -  The  teat  specimens  used  in  thlB  aoriaa  of  tests 
were  cylindrical  laminates  and  foam  samples  1.000+  .002  inch  in  diameter. 
Triplicate  cylindrical  specimens  of  polyester,  heat  resistant  polyestor  and 
alkyd -diisocyanate  foeo  were  prepared  0.400  ,  0.450,  and  0.500  inches  thick. 

The  dielectric  constant  and  loos  tangent  wen?  determined  on  control  (no 
exposure)  specimens  and  on  specimens  irradiated  to  dosages  of  3.0  x  10®  and 
1,0  x  10^  roontgono  at  the  MTR  gamma  facility. 

(2)  Test  Equlpaont  -  Measurements  of  microwave  dielaotrie 
oonotant  and  loae  tangent  were  made  with  a  modified  microwave  dielectrcsroter, 
Model  #1,  manufactured  by  the  Central  Research  Laboratories,  Inc.,  Redwing, 
Minnesota.  This  instrument  consists  of  a  slotted  circular  wave  guide  equipped 
with  a  precision  positioning  probe  type  pickup,  a  probe  output  amplifier  and 

a  square  wave  modulated  klystron  capable  of  oscillating  at  8.5  kilemegaeycles 
por  second. 

(3)  Results  -  The  data  obtained  freo  this  aeries  of  teste 
are  praeontod  in  Table  Z.  At  first,  it  would  appear  that  there  is  a  slight 
affeot  on  the  dielectric  oonotant  and  lose  tangent  dua  to  radiation,  Tb.o 
dielectric  cone  tent  and  loss  tangent,  however,  are  inverse  functions  of 
roein  content  and  when  this  parameter  la  considered,  it  appeare  that  tho 
offeot  say  bo  a  result  of  varying  rosin  content.  In  any  case,  however,  it 
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cas  i»  conoluded  that  tharo  ia  no  cignificnnt  change  of  eleotrioal 
properties  as  a  function  of  radiation  dootgo. 


' >  £^ilfc5l_frgp&rfo- SzalMUgfl  Items.  -.  fliftaaJ? 

a.  Radiation  Souroo  and  Expo aura  -  The  1500  curie  Cobalt  60 

oourco  looeted  at  Wright  Air  Development  Con  ter  van  ueed  in  thio  atudy. 

* 

The  available  flux  in  thio  frnillty  wan  4.3  x  10  r /nr  with  an  average 

7 

gaosea  energy  of  1.25  Her.  Exposures  up  to  approxiaately  5.0  x  10 
rotmtgane  wore  made. 

b.  Materials  and  Property  Evaluated  -  Tbo  asterials 
•vnluatod  vsr*  Seleotron  5003  polyester,  Spon  100l/Plyophen  5023  epcxy- 
phenollo,  Bpon  1001  epoxy,  Kpon  828  epoxy,  VibdLn  135  iriallyl-ayanureto 
polyester ,,  and  CTL-911D  phenolic.  The  evaluation  property  was  dielootrlo 
oonotant  at  8.5  KKC. 

o.  Reeulte  -  The  primary  purpose  of  those  dynnaie  eleotrieal 
toots  wan  t /)  detorodns  if  the  ion  buildup  in  these  catorlnln  during  Irradiation 
would  causa  a  significant  change  in  their  eleotrioel  properties.  The  reeulte 
chow  otmoluoively  that  the  presence  of  a  high  intensity  gaase  flux  dose  sot 
alter  then*  characteristics.  Graphs  of  dlelaotrlo  constant  versus  wepoBure. 
roentgens  show  oesentlally  a  horisontal  straight  lias. 

u.  Radiation  Sourco  and  Exposure  -  The  1500  carl©  Cobalt  60 
source  at  UA&G  wm  utov.  in  conjunction  with  an  alectrioal  reslotanso  typo 
furnace  opera  tin®  e  r.  500°?,  Flexural  and  oasproBoion  Bpecinene  wore  pin  cod 
lnaid©  th®  fvx-mas  wS.  exposed  giKaltaneouely  to  500°F  and  a  g&ssa  flax  at' 

5  x  10^  r©OBtg0tt,4r  for  periods  of  50,  100,  and  200  hours.  Control  speoimaa 


ware  exposed  nt  rooa  tempera tu re  without  Irradiation  and  at  rooo  temperature 

o 

with  irradiation  for  200  hour?  ,  and  at  500  T  for  50,  100,  and  200  houro 
without  irradiation. 

b.  Teat  Saterlala  and  Teat  frv>oedureo  -  The  test  materials 
vans  l/ft  Inch  glas6  fabric  bate  laninatee  made  with  CTL-^lID  phenolie, 

1-131  (now  Epon  1310)  epoxy,  and  0C-21C4  silicone  rtaino.  A  detailed 
description  of  the  nate rials  end  cure  cyole  la  given  in  Table  XI .  The 
CTI^9UD  and  DC-2.1C^  Baterlala  were  evaluated  for  ulti^te  flexural  strength 
and  flexural  nodulua  of  slastioity,  and  the  1-131  material  for  ultimate 
eomp-vaaolve  strength  only.  All  of  the  taet  specimens  vhloh  were  expoood 
to  the  concurrent  radiation  and  high  temperature  environment  were  tested 
at  500°F. 

C.  Teat  Results 

The  teat  results  for  oontrol  speolaens  and  irradiated  50 </*f 
expooed  spec inane  are  shown  in  Table  XI.  The  nost  significant  results 
no t»1  are,  that  for  tho  CTL-91ID  phenolic ,  the  neohnnioal  properties  at 
500°7  after  simultaneous  radiation  and  500°7  exposure  were  considerably 
higher  than  after  }0CPf  without  irradiation.  This  effeot  la  nost  pronounoad, 
comparatively,  after  100  hears  sxposure. 

In  general,  for  the  X-131  and  DC-2104  naterlals,  tlwre  was  little 
dif^erene®  In  the  lesohanioel  properties  of  sea-im1:  Hated  waS  irradiated 
500°?  exposed  specimens.  However,  for  the  DC-^104,  after  200  Lcarc  exposure 
at  5003?,  the  irradiated  speoiaeM  had  oaly  about  ?C#  ©?  the  <itro'*gth  of  tha 
uon-irradiated  sp^clMeno.  Ser  ti w  i~l3i  *»  tsrial  oxpema  500^?,  the 
irradiated  specie® ns  were  1) .lightly  stronger  than  th?  cen-i mediated  specimens 
after  100  houro  ard  200  hour?  axpesor®. 
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SUMMARY 


Structural  plia'lc  xateriala  have  boon  us»d  extensively  In  reoent  yinru 
for  a  variety  of  applications  and  under  a  wide  range  of  environments. 

Current  and  project®!  applications  ino.ivio  additional  <rinrtronz»ntal  conditions 
r.uch  »o  intense  'hfrral  end  nuclear  onorgv  exposures.  In  order  to  detent  Ins 
tbo  usa^ilnoj. j  of  otruotur*.  'uterials  under  such  condition®,  extensive 
materials  avalur.tl on  io  required.  Then,  as  materials  deficienolss  ore 
found,  nev  Met*! I* la  can  bs  developed  to  inoludo  improved  propertieo.  In 
tl.i  evaluation  etudioo  presented,  relnforoed  plastic  materials  have  ehcrvn 
outstanding  properties  which  should  be  extrsaely  uaoful  in  many  types  of 
advanced  applications  inoluding  those  applications  in  whloh  high  intensity 
energlor  aro  Imposed  on  the  structural  materials. 
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TABiS  II 


^ T; :  . if- 


ABSORPTIVITY  fROH  A  600C°K  BUCK  BODY  REPRESENTING  CAR»N  ARC  flOURCE 


MATE'/iAL 


ABSORPTIVITY 


Poly  11 1«  8000 

0.279 

Poly  11  to  0000- ’  1) 

0.728 

Polyllte  €QOO-2  [ Note  1) 

0.118 

DC--2106 

0.549 

0.527 

0.538  Avorif: 

CTb*)]  '<) 

0.863 

0.838 

0.850  Average 

Vlorlu  135 

0.529 

1-131 

0.631 

KV-9431  Coating:  Horaal  Conditioning 

After  6  nontho  outdoor 

0.145 

weathering 

0.209 

Note  1  -  Abaorptivitioo  of  ooated  Polyeeter  materialc  are  for  the  coated 
surfaces . 
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IME  REQUIRED  TO  CAUSE  FAILURE,  SECONDS 


20  30  40  50  60  70 

TENSILE  STRESS,  %  OF  CONTROL  ULTIMATE 

FAILURE  TIME  VS.  PER  CENT  STRESS  AT  10  CAL./CMZ/SEC 


DC-2106 
CTL  -  91  l.D 
POLY  LITE  8000 
POLYL'TE  8000-1 
POLY  LI  TE  8000-2  - 


FIGURE  3 
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FIGURE  12  -  SPECT 
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I  Tilt  i*i 


FIGURE  19  -  Spectral  Reflectivity  of  KV-9431  *hite  Rair.  Erosion  Coating 


WAVE  LENGTH,  MICRONS 

FIGURE  20  -  GRAPHICAL  PRESENTATION  OF  ABSORPTIVITY  OF  POLYLITE  8000  (UNCOATED) 
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Abstru 

V  r k  ■!.  the  fatigue,  ree;  ,  at.  i  ventner  lag  dinra -ter  1 .  1 1  cs 
re  l:,f  >r  e  1  ;  *s  has  leer.  •  'niu’M;!  at,  the  F  ire  at.  Pr  -iuctr. 

I/il  rat.  ry  !,a  •nperulloa  with  Department  f  Iefenre  Agen-les. 

Fatigue  i  r  ipertles  )!'  tyj  1  nil  laminate'  unJer  axial  1  riding  were 
letcrrr.1  :;e  i  In  n  llce't  rtrer.  '•  fatigue  manilae  o;  crating  at  O'  cycles 
:  c  r  :r.  1  r.u  t  *  • .  Dim  if ‘he  1  an!  r.,'f  died  ri  ec  l  mens  were  t.er.tel,  urually  at 
•/.er  mean  stress  Creep  and  creep  rupture  -lata  In  tension,  flexure, 
and  John:;, an  r.liear  include  data  or.  steelmens.  that  have  been  loaded 
fir  per  loir,  up  t.  i  l  yearn.  Ef  fe-'ts  -if  outdoor  expor.ure  on  the 
r.trength  an  1  ele.'trl  al  properties  if  :0  different  glass-fabric 
laminates  have  been  evaluated.  Four  if  the  laminates  were  made  with 
poiyester  resins  ani  two  with  epoxy  resins.  Laminates  were  exposed 
at  five  11  f Cerent  out  l  >or  exposure  sites  for  period:;  up  to  }  years. 

This  paper  summarizes  the  results,  of  work  that  the  Laboratory 
has,  done  lr.  these  three  fields  of  investigation. 

-For  presentation  at  Dyir.p  is  him  on  Hlgl  l  Ha domes,  September  H,  9,  and 
10,  at  Mas  a-hu:etts  institute  >f  Technology,  Cambridge,  Ma3S. 

1 

“Mai  nt.ulue  1  at  Madison,  Wi ....  In  ‘ooperatiin  with  the  University  c f 
W 1  s  '-ms  1  n . 
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I-  r  nb  ut  1  years,  t  be  r  treat  i'r  lu  •*  •:  l/i!  rV  ry  .Vi 
•ndu'tel  re  sear  uh  n  re  l  u  f  ■  >r  c  !  plastl  c:s  it.  •  pi-rati  >:■.  wl  ti. 
agencies  if  the  Department  f  Defense.  M  i; t  f  the  w  rk  hit:  beet, 
relate  1  l'  the  e  is  tab  11  aliment  of  loclgii  criteria,  particularly  fir 
military  appllcatl  jtia.  )ther  work  bar  pertnine  1  t  su  •(.  fa -t  rr. 
ai;  evaluation  if  ranter  lair.,  pre'esses,  teat  meth  Is,  an!  envir  amen 
c  ill'll  tl  me . 

In  thin  paper  la  reviewed  come  if  the  Information  that  run; 
been  obtained  at  the  Laboratory  )u  fatigue,  creep,  and  weathering 
character lct.icG  of  reinforced  plastics.  Most  of  the  Information 
on  futigue  and  creep  is  contained  In  published  reports;  the  final 
report  on  weathering  characteristics  is  now  being  processed.  A 
list  of  applicable  publications  is  presented  under  Literature  Cited. 

Fatigue 

Fatigue  datu  were  obtained  on  several  types  of  reinforced 
plastics  tested  under  axial  loading;  specimens  tested  were  dumbbell 
shaped  (fig.  l).  Stress  was  applied  at  9W  cycles  per  minute  and 
usually  at  zero  mean  stress.  Both  uunotched  and  notched  specimens 
were  tested,  the  notch  being  a  1/8-inch-diometer  hole  drilled 
through  tqe  thickness  at  the  net  section.  The  specimens  were  tested 
under  mrmal  conditions  and  many  also  while  wet.  Some  tests  were 
also  made  of  heat-resistant  laminates  both  under  normal  conditions 
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.  i  . , 

A  .  . 

f  •  r.i • 

.’-N  'urvt"'  wen-  !’  ! :r. !  .  ■  i  r  :.a,  r  an  I  mags I  tu  ie ,  1  • .  1 1  • » t *  1  ■ . k  *  f *»» the 

type  ;!'  reli.f  >r  •emrr.’  !.a  i  but.  .'.tt.e  *■  Tl’*;  •  •.  c,  fatigue  ‘rength. 

>\  ;■  i .  yt_*  :•  L«- r  -  :.vi  *.  .ami:. ate,  a.  expe  :.n  1  .  wit  fatigue  strength 

V".  1 tLan  the  ;  u .yes, ter  .nmls'i'e.  relsfT’el  with  g.a  fair!'. 

After  .  rr.11.1  >n  repetltl  hi  f  :  tre  ,  however,  tt.c  IV  Igue 
tresgt.t  !'  a..  ;  ,  .ye  ter  lamlna'e.  war.  nb  ut  me-f  >urth  >f  the 
.  tali'  tens  1  .e  strength  (fig.  .  ). 

Art  e:  > >; y  1  a.?.  1  tittle  re  1  a!'  ir  ed  with  .  V  glass  fubrl  •  ha  i 
higher  fatigue  strength  va.ie:'.  than  a  r jtap.arabie  pjlyester  laminate, 
particularly  after  U.uoG  >r  tit. ire  rej.etlt!  >n r.  if  1, lading.  r\r r therm.) re , 

the  futigue  .'.tre.tgth  after  hr  ml . 1  >n  repetitions  of  sires.:.  was 
about  t  A'  ; ercent  if  the  statl:  tensile  strength.  This,  might 
be  expected,  *«enuse  fatigue  stret.gfh  at  zero  mean  stress  Is 
Influenced  by  b  ith  the  tensile  ur.d  ■  mpres..,ive  strength  if  the 
material;  c  Mtj  res.slve  strength  of  e;>  ixy  laminates  1  generally 
appreciably  niglier  than  that  if  :.>nrparable  ;  ilyester  laminates. 

In  all  laminates  tested  jarallei  r  perpendicular  to  the 
warp  direction.  nr.  en  iurntice  limit  was.  nit  reached  at  10  million 


-Underlined  numbers  In  parentheses,  refer  t>  .iterature  'lted  at  the 
end  of  thi  .  re;  rt . 
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'  V  * .  t ' 

n  l.l ‘ ! . 

.  , .  .  t.  ; 

t\  *  M \L’.r 

'  *  !.i*  war;  , 

*  .\f* 

fat  1 gu 

»*  -finr'i  • 

were  qu! 

! !  f 

f-r-u* 

pi : .  !  \r.  •*:, 

1  .ran  a-  ,1ml’ 

TJl. 

save  t 

t * l* ' :  nvi  '.Mi 

,‘l'  t  -h!ng  general.;.’  rf  lii  o  I'n  *. !  K\i«*  trength.  F  r  a  .  •'  -  J : »  •  M  - 
linmc'er  i  i  ‘ ,  the  l'v  t  Igv.c  *  at  °  1  paling  1.'  n  b  >ut  10  t.> 

j  *  •  i'  •  e : '  *  >  that.  Mint  if'  •  -hoi  material.  A‘  ang.es  t  >  the  warp, 

there  is  :i  jme  iveriapnlng  '->1’  S-N  -urves  f  >r  unn  >l  uie  !  a  a  I  a.  at  ‘he  u 
specimens,  inliuitlt.g  a  varying  and  , esser  e f f  e  ' t  if  stress  ’oncentration 
ut  angler,  t.  the  warp  (fig.  3)-  Although  the  small  h./.c  generally 
affe'ts  fatigue  r.trengtn  by  only  u  few  percent,  recent  datu  (o)  have 
shown  that  a  shall  v  I.-.od  cut  at  the  edge  >f  a  specimen  reduced  the 
fatigue  strength  to  ab-.ut  one-half  that  of  an  unnotched  specimen. 

Further  work  needs  to  be  done  t..  ietermlne  the  effete  of  different 
types.  if  n  itches  on  the  fatigue  properties. 

Type  of  resin  affects  the  1'atigue  properties  (fig.  ■•),  and 
lata  from  typ leal  .ami nates  reinforced  with  1  Hi  glass  fabric  are 
presented  In  reference  (3).  At  10  million  -y'les,  h  iwever,  the 
fatigue  strength  if  all  but  the  epoxy  laminate  was  about  one-fourth 
if  the  corresponding  static  tensile  strer.gtn.  Reference  (j)  also 
presents  data  on  the  effe-t  of  temperature  and  on  tests,  at  mean 
stresses  >ther  than  zero. 

Data  from  fatigue  tests  of  epoxy  laminates  reinforced  with 
continuous  unwoven  g,usn  fibers  and  vitn  l8i  glass,  fabric,  as  well 
as  from  tests  of  asbestos -mat  phenol  !■  laminates.,  have  recently 
been  ■  imp! e ted  and  will  be  preset;* ei  in  referenu;  (it).  Large 
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\  •  ie: 

f  VitlW  V 

:  1 1  I  • .  . 

g .a  f I  Per  ha  . 

fatigue-;  t.reng’  n  va 

.  tier 

taut  were  r:c:,i.T‘i.  : y  Higher  t:.n:i  tb  >r.e  of  the  \'t‘\ -glass-fabr  i  ’  epoxy 
laminate;  'it  *  •»»  ling,  -he  gla.  r.-fabrl  •  laminate  was  super f,r. 

Creep  Pr  'pertles 

Creep  pr  pertles  will  be  mentioned  only  briefly  In  thin 
paper,  and  the  three  referenced  reports;  {%  5>  6)  will  be  useful  In 
obtaining  further  det.nl  la.  Reference  (6)  present:;  tensi.e  iatu 
for  a  typical  polyester  and  epoxy  laminate  loaded  at  0°  and  h1)*  for 
periods  up  to  1,COO  hours.  Mathematical  relationships  are  presented 
for  both  strain-uime  and  stress  rupture.  Similar  mathematical 
relationships  are  presented  in  reference  (5),  which  includes  data 
on  creep  and  streBs-rupture  characteristics  of  seven  glaos-f iber- 
reinforced  laminates  tested  in  tension,  flexure,  and  shear  for 
periods  up  to  *»  years. 

As  is  welt  known,  tensile  creep  at  room  temperature  parallel 
or  perpendicular  to  the  warp  of  glasn-fabri c  laminates  is  small. 
Strain  at  failure  for  polyester  and  epoxy  laminates  is  usually 
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about  10  to  .'0  percent  higher  than  the  Initial  train,  even  after 
10,000  hours.  Since  Initial  deformatlona  are  generally  In  the  range 

of  1  2  to  1-3  percent,  the  additional  deformat  Inn  due  t  creep 

la  uounl  ly  r.o  small  ar.  to  be  negligible.  For  mat  lamlnntes,  h  >vever, 
fitraln  at  failure  may  be  aim  >st  twl~e  the  Initial  r.traln,  although 
Initial  otraln  at  a  comparable  proportion  of  the  static  strength  1:; 
much  lower  than  for  glass-fabric  lamlnater..  In  flexure,  final 
otraln  la  a  somewhat  larger  percentage  of  the  Initial  str°ln  than 
in  tension. 

Although  tenalle  creep  parallel  and  perpendicular  to  the 
warp  of  glass-fabric  laminates  la  small,  data  (6)  show  that  creep 
at  45*  to  the  warp  may  be  substantial  (fig.  6).  Even  at  100  hours, 
the  strain  may  be  2  or  3  times  the  initial  strain. 

Load-carrying  capacity,  or  creep  rupture,  is  markedly 
affected  by  the  load  and  period  under  load  and  must  be  considered 
in  many  designs.  Curves  relating  stress  to  the  logarithim  of 
time  are  approximately  straight  lines  from  1  to  10,000  hours  (fig.  7)- 
Some  data  are  available  to  30)000  hours,  but  they  are  not  enough  to 
establish  a  "knee,"  or  endurance  limit,  In  the  stress-time  relationship. 
Tests  of  seven  laminates  tested  for  periods  up  to  30,000  hours  (5) 
show  that  the  tensile,  flexural,  and  sheur  strength  are  not  less  than 
about  50  and  35  percent  of  the  corresponding  control  strength  for 
dry  and  wet  conditions,  respectively. 
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<•'  .  .  u  re  per  1  >  1 ,  ter.".  1  . e 

■  imprer.r,  1  ve  ,  an 

1  1  .  exural  : 

■•trengti. 

1  r  ipertle 

.  a.n  i  ’ertalr;  ele'trlcul 

propertie  were  let  ermine  1  fr  Lent.',  ma-it  at  the  Laboratory. 

A.  f  the  ;ar.e.s  were  parallel  laminate  i  if-  1(1'.  glass  fabric 
ar.  i  were  ab  ut  1  "  ln-1.  thl  -k.  'Hie  fabrl  •  finish  ur.e.i  with  on  ii 
re. in  war  varlel  ;i  that  fabrl'  flnlr.ii  ani  renin  were  cimpatible. 

?■..  panel:  ,  ab  nit  Inrh  thick  an  1  lncher.  square,  were  fabri  cated 
f.r  most  f  tine  laminate-.. 

Five  general  type  a  of  real  nr.  were  u  ;rd  t.o  make  the  laminated 
panel:;.  Typer,  an  1  name:;  of  realm;  were:  (l)  polyeater- -Seleetrnn  9003, 
Selectr  ‘,uOJ,  with  room  temperature  -.ettlng  .-atulyr.t  ayatem,  Plaskon 

yll-11,  anu  Dryply  f '.  1 ;  epoxy--K'poa  with  Curing  Agent  D  and 

Epon  1001  with  a  percent  of  .11  cyandlumlde;  (3)  heat-resistant  polyester-- 
PDL-'i'-66()  and  Vibrln  X -  10U Y ;  (A)  r. Ill  'one --DC  CIO1*;  and  (9)  heat-resistant 
phen  jllc- -Bake  1  lie  BV  170h'3-  The  details  of  the  fabrication  methods 
are  described  in  the  bar.l'  report  (17).  Each  laminated  panel  was 
cut  up  Into  9-  by  12-lnch  subpnnels,  and  the  subpanela  were  exposed 
to  various  conditions.  Subpatieis  subjected  to  outdoor  exposure  were 
mounted  on  racks  and  their  faces  were  tilted  upward  at  an  angle  of 
1+5°  from  the  horizontal,  facing  south. 
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Tension,  ■  .Ej  re-.,  !  nr.  i  I'.frjni.  '  <■  '  wi-r>-  male  f  •  ■a-;, 
ranter  1  fil  after  n  _  nna .  ■  :i  1 1 1. 1  1  :;r; .  F!  cxurn .  •  e  t  «■•••<•  a  .  male 

after  ttie  materia!  ha!  been  •  i.lltl  irie  1  f  r  at  .rant  ••  n  ntbi  at 
100*  F.  and  near  I ( «'*  per  -eat  relative  humility.  A  few  flexural 
ape 'linens  of  the  heat -res  1  r.tant.  lamina were  ter. te  1  at  ‘..a'  j  F. 
ufter  1.  h jut  at  that  ten; erature . 

Ttiree  ele'trlal  test  ape  •  lmer.a ,  ea  I.  a  link  .  I::-!,  in 
diameter  an  1  the  till  -knesr.  .1'  the  .amlnate,  were  ;  re;  are  1  fr  >m  nub- 
panelr.  that  ha  1  been  exposed  f  >r  1  year  and  l  yearn.  The  facet  of 
each  disk  were  not  machint  i  or  alterel  In  any  way,  and  hence  one 
face  wan  generally  rough  because  of  the  weathering  effectfi.  Tests 
were  made  by  the  shorte  1  line  waveguide  method  at  u  frequency  of 
8,^30  megacycleb.  The  dinkc  were  tented  In  pairs,  pressed  together 
tightly  with  no  adhesive  between  them.  Average  electrical  properties 
from  tests  of  three  pairs  of  links  were  o0mputei  and  averaged  und 
are  recorded  as  the  teat  va’ues  for  that  material  (table  i)  ( 1 6 ) . 

Data  from  tests  of  the  laminates  weathered  for  periods  of  up 
to  3  years  Indicate  substantial  variations  between  properties  depending 
upon  factors  such  as  exposure  and  materials.  Detailed  comparisons 
of  strength  and  ere  :tr leal  properties  must  be  made  from  data  ir.  the 
report  (16).  Table  2  presents  a  nummary  of  the  apparent  effects  of 
weathering  on  the  strength  properties  of  the  different  materials  (l6). 

The  appearance  of  the  panels  after  3  years1  exposure  varies 
greatly.  It  was  observed  that  the  greatest  erosion  occurred  at  the 
Florida  (salt  air)  site.  Laminates  made  with  the  hent-reai3tant 
polyester  realns  had  the  poorest  resistance  to  erosion,  while  the 
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other 

re. ate  I  I'd  -rs  Mini  wri'  er.pl  l  wn,  u  .t,  inten  led  t-  >  pr  uiuce 
i tun inat.er,  wilt.  -j  Mmum  strength  r  electrl  nil  pr  iperties.  Neverthe¬ 
less,  the  laminates  were  male  with  materials  an  1  by  jro^edures  that 
were  ir.  use  at  that  time  ( 1  ■  i ) »  and  In  that  respect  may  be  considered 
as  representative  laminates.  In  this  presentation  it  is  not  possible 
t  iis'usn  ietailcd  '..raparls'ns  of  Individual  strength  and  electrical 
properties;  such  comparisons  must  be  made  from  a  detailed  study  of 
the  report  (figs,  li,  (j). 

A  few  general  conclusions  follow, but  it  should  be  remembered 
that  there  are  often  exceptions  to  these  general  conclusions: 

1.  The  salt-air  exposure  at  the  Florida  site  was  the  most 
severe  with  respe-t  to  erosion  of  the  surface  resin  and  degradation 
in  strength  and  electrical  properties. 

2.  Three  months'  and  1  year's  exposure  under  Jungle  conditions 
at  Panama  had  less  effect  )n  strength  properties  than  did  similar 
periods  of  exposure  at  the  other  sites.  Data  after  3  years'  exposure 
of  laminates  at  Panama  were  not  obtained,  but  '<  years'  exposure  at 
Alaska  had  Less  effect  on  strength  properties  than  did  similar 
periods  of  exposure  at  New  Mexico,  Florida,  or  Wisconsin. 
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Hnr  .  hnr  hies  . ,  ns  :r.  1  gl.  t  :  <•  ex;  i- •  *  v .  ! am ! vi"  Is  v:.i  *.:,«• 

resin  was  TUtc  !  r  1  rM  'lie  i  e!  l:i  hnr  h.r.  :  w!':.  ■  ;c! 

weathering. 

•*.  Exposure  f  laminates  «•  n  ira_-»  i  4  nil'.!  !'  r  peri  is 
...  i  .  i  1 1 1  e  el'fe  r.  the  r.trei.w  tn  r  e.i  tr!  -a. 

.  •,Ht-ror.Iutntil  polyester  laminate:4,  ha  i  poorer 
•a:.  •  4  -eatherlng  than  any  !'  -ne  ither  . am  1  ria ten  tented. 

(■.  1;.  ail  laminates,  iutJ  >or  exposure  usually  had  the 

least  dele' -"lour,  effect  on  dry  c  impressive  strength  and  the 
greatest  effect  on  wet  flexural  strength.  Wet  flexural  properties 
decreaoea  more  with  weatiierlng  than  dll  the  flexural  properties 
after  normal  conditioning. 

7.  Ele  :trlcal  properties  of  dry-conditioned  specimens  were 
affected  only  slightly  by  weathering  Properties  of  wet-condltloned 
specimens  were  poorer  after  weatiierlng,  particularly  when  glass 
fibers  were  exposed  by  eroolon  of  t.he  surface  resin. 

Resistance  of  Fo ams  and  Cores  to  Adverse  Conditions 

Limited  data  on  the  effects  of  adverse  conditions  on  sandwich 
constructions  and  on  certain  types  of  coics  used  in  sandwich 
constructions  ar"  presented  in  references  (7,  §,  10,  11,  12,  and  13 ) . 
The  results  of  tests  and  behavior  of  structural  sandwiches  having 
facings  of  plywood,  liardboar  i,  cement -asbestos  board,  and  porcelain- 
enameled,  steel-faced  hare-board  on  cores  of  resin-treated  paper 
are  discussed  in  reference  ( 1 0 ) .  Information  on  cores  of 
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it  I- 1  so -v/inuLf  <in!  valTic- type  glass  I'tber  and  >  h jneyrurab 
•onstru  -tl  >it n  mu  ie  )!'  paper,  c :tton  fabric,  glass  falrl  •,  nn.l 
aluminum  is  presented  In  references  (7)  uni  (i.  ).  other  pubiluhe 
an  1  ur.publlitheJ  lata  ibtalned  at,  the  Lab  >rat  ry  show  that  paper 
honeycomb  'ores  can  be  mule  bliub  huve  good  impact  resistance, 
good  ■  impressive  ntrength,  and  good  shear  streugth  whether  dry 
or  wet,  and  excellent  resistance  to  water  migration. 
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Figure  1. -- Unnotched  fatigue  specimen  of  the 
axial  fatigue  teats. 
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Figure  3 ■ — S-N  curves  for  parallel  laminate  made  of  181  g.laes 
fabric  and  an  epcxy  resin.  Tests  made  at  different  angles 
to  the  warp,  under  normal  conditions,  and  at  zero  mean  stress 
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Figure  9. --Electrical  properties  of  Seleetron  SOOi  laminates 
reinforced  with  lol-Garan  glass  fabric.  Tests  were  made  after 
1  year  and  j  years'  exposure.  Figures  on  bars  show  percent 
of  resin  content  and  years  of  exposure. 
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!! i tin  iifeed  testing  of  steiiciural  i  -ami 
and  reinforced  laminates 
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Test  equipment  nas  recer tl ,  oe.  v  developed! 

I  -'esaure  tne  strength 
profit  ties  of  mate:  la's  s/iov.  •aoti  b  r-esns.  ,ci 

!  '.hi  rapid  release  of 

comp  rein  ed  gar.  tuil.r'.M  papers  on  this  ;.cb,p 

]k  •  have.  already  presented 
data  on  the  dynamic  *:n.aJ.J.r  projection  ol  -vj||j 

Jliinitoj  las 1. 1  c  materials 

(l-i  Ir,  mv.Ud.u3  >f  eloat lei  Ij 

V ensile-  strength  exp 

greater  while  strain  at  :  r>.  *•.**•  It  lower  thru  IheA 

^  .brewed  in  s'.ow 

speec ,  3tatlc  tests.  Yo  :  one  tui  fair i «. */. i  -  *  ih  1  '4$, 

p.  behavior  of  petty. 

When  .  oad  is  ,  slowly,  it  draws  out  .so  taffy/. 

■\  when  o  truck  with  a 

har-wter  it  she  ‘ '  .  like  gls.js.  It  uvomes  tirl-W'  nt  th 

\-i  that  if  a  radomc 

mem  tec  s  do  -■  •  on  ..  oo3lr  of  esati.:  data  ant  If  y& 

V-araic  strength 


,  mpert  Jcr  arc  s  igi  ; I  cantl  y  lower  than  *.Lof  uri  f<  .;t-it i  •  1  adi.ug, 
UP'leul'ies  ma*  be  incurred  inlenr.  an  udv  :u.ii  e  snfey,  ;a-;,.r  Is 
Incorporated  In  the  design  of  the  structure,  "he  otfrr  :  this  paper 
ic  to  compare  the  mechanical  properties  measured  under  dynamic  ccndl  tiu:.: 
with  tnoae  measured  under  static  conditions  ior  pod  ye', ter  polyurethane 
foams  and  for  structural  laminates  In  order  to  determine  the  validity 
of  the  safety  factors  which  are  current!;,  being  used  In  the  design  of 
rigid  radomes. 

TEST  EQUIPMENT 

The:  Instron  Tensile  Tester^  Model  TT-C  with  X-Y  recorder  and 

strain  gage  pre-amplifier  was  used  to  obtain  static  data,  while  -he 

(4 ) 

Plastechon  High  Speed  Tester'  was  used  to  measure  dynamic  properties. 

The  Plastechon  13  a  universal  testing  machine  in  which  the  load 
is  applied  to  the  test  specimen  by  the  action  of  an  ai  •  cylinder.  Loading 
rates  of  2000-10,000  in. /min.  are  obtained  depending  on  the  gas  pressure 
used  and  the  modulus  of  elasticity  of  the  material  being  tested.  The 
stress-strain  pattern  is  measured  electronically  on  an  oscilloscope,  and 
a  permanent  record  is  obtained  with  a  Polaroid  Land  Camera. 

A  V-bar  extensateter  of  the  strain  gage  type  was  uoed  with  both 
testing  machines  to  measure  strain  in  tensile  and  compression  tests. 

(1)  Plas-Tcch  Equipment  Corporation,  Waltham,  Mass. 

(2)  Numbers  in  parentheses  refer  to  References  listed  in  the  Bibliography. 

(3)  Manufactured  by  Instron  Engineering  Corporation,  Canton.  Mass. 

(4)  Monufac turea  by  Plus-Tech  Equipment  Corporation,  Waltham,  Muss. 
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e.x !  ensure’  >'r  was  :n<  an*  <•  i  i  ’  '' 

~’ii  r  !'('•■>:■  if  !  t: .  ‘.he  Y  ny. , :  •  '.«•  •  ’re 

the  ex' ensometer  •-in::  -hcrkeu  !  *h  t>t  ■  >  re  t.'<  : 

'he  unit  nr.  a  :  *0f  i  jlI  'ix"..re  a:.l  :  . :  „ ;  :  -;.a: 

produced  uv  the  me. lion  h  a  mi  T' .ne'er  :,«*/«.- 1 . 

For  strain  measurements  it.  f  1  exure .  Tmntieid  truvH  ^ 

machine  was  used.  C«:i  tnc  i  lr,  e--h  -a.  .  whs  obtairsel  with  a  ’!  liean; 

(‘  )  . 

Linear  Variable  Di 1 ‘fcrer.t  lol  !Yons !  >  r: .  .hi:,  unit  onr.ir.tr.  . . :  u 

shielded  cylindrical  'til  if  wire  and  a  •  >'  m/uicn'  1  y  magnet  .  -ed  ..-on  rod. 

As  the  rod  mover  tnrough  the  -oil,  liner  .1  flux  are  cu'  ,  and  i :.e 
resultant  signal  is  amplified  and  trot,.;  a*e<i  ‘a  the  os ' llluseope  as  a  lea: 
deflection.  A  calibration  'urve  .  f  hear,  dellect.on  vs  plater,  travel  war. 
obtained  prior  to  testing  and  .'hooked  immediately  then  after. 


TEST  METHODS 

ih6tG  on  the  laminates  were  ran  in  .i-.ordance  with  Fcde ral  Speci¬ 
fication  L-l-hOh,  while  these  on  the  loom  were  run  in  ueeordai  re  with 
the  'l'entot.i'.o  .’detnods  cf  Test  for  Htgid  Ccxlular  Materials  proposed 
t;.u  S^^T'tv  the  Plastics  Industry.  Specimen  sines  were  altered  in 
some  cases  to  allow  for  load  and  weight  limitations  in  the  equipment,1 
but  in  each  test  tie  same  specimen  sloe  wan  used  for  both  static  and 


(?)  Manufactured  by  The  Sanborn  Tompanv,  .'ud  thorn,  Mar.G. 

(o)  Test  specimens  used  for  compression  tests  in  foam  were  7/3x7/bx 7/-'  'n- 
instead  el'  2x2x2  in.  because  of  the  high  loads  reou  1  red  by  alga  do  "tity 
materials . 

'Test  specimens  lor  compression  teste  on  lominn^a  w e.-c  '.-l/Jx2y  in 
instead  of  txl/bxl'.  in.  *o  minimise  weight  re  pal nvw-  ■ 
in  dynamic  tests. 


'  ./LT.  ' 

t  •  ' 

,:iC  n.- 

lh. 


0 


adhig  lor  a  d  1  roc  I  •omi'arison .  Flexural  tests  ('com  were, 
r  m  on  ixlx-h  In.  s j>o o ' it c : . >  with  a  L’-in.  spar.  p<.:  -e 
>  : k*x  test  lor  foaxi  exists  at  ti'.e  ; resent  time.  Teots  performed 
r  •  U >  tne  results  obtained  tre  demonstrated  In  the  following  figures: 
go:  e  '  's  a  photograph  of  the  Plastechon  High  Speed  Tester. 

■ar.  -  ;p ,  the  sample  is  placed  in  suitable  grips  and  It  is  mounted 
■  te  t  a.  platens.  The  top  is  stationary,  while  t.he  bottom  i6 
1  r.  ug.  a  coupling  to  the  shaft  of  an  air  cylinder.  When  ihe 
\oea  th-  'notion  platen  is  forced  downward  1  coding  the  sample 


mar  ires  the  tests  on  structural  foo/r.s.  Tensile, 

..  resolon  teu to  were  run  on  foams  of  each  of  three 

o,  i>  end  3'.' •  Tensile  and  Flexural  tests  were  run 
dircv.'  ion  of  foaming,  while  compression  tests  were 
rui.  •  pcrpooileilur  to  and  parallel  to  the  direction  of 
foamii.  veer.i  average’s  of  3>  ^  or  5  tests  as  indicated 

in  paren  ondt  ceu  oc  noted  from  these  averages. 

However,  s  ;rd> .  iduu ..  test  specimens  varied  within 

and  between  s  16  C,-UP. '  at'-M  of  averages  could  be 

somewhat  mislead  r  n«*ir' q  d**>!.nrate  these  properties 

as  a  function  o:  a.  Vml  *'“n 

iulus  '•u  density.  Little 

mic  > slues  for  densities  up  to 
,  I'll  e  change  is  noted  in  the 


n  o:  a. 

In  Figure  j  is  p 
difference  ex  nt8  be  ^ 
10  lb/ft^.  ,a,i  o-ns  i  • 


\ 


dynamic  modulus,  while  the  static  modiuus  continues  to  climb  and 
to  a  different  order  of  magnitude. 

Tensile  strength  and  elongation  at  break  are  plotted  vs  foam 
density  in  Figure  h.  Tensile  strength  increases  as  density  Increases, 
with  lower  values  observed  in  dynamic  tests  than  in  static  tests  for 
densities  greater  whan  10.  Elongation  decreases  markedly  as  density 
increases  from  6  to  12  in  static  t°st3,  while  in  dynamic  tests  not  much 
difference  in  elongation  is  noted  as  density  incr.aseo.  Above  12  ib/ftJ 
elongation  In  dynamic  tests  is  greater  than  that  in  static  tests. 

Compressive  modulus  vs  density  (see  Figure  5)  shows  the  some  type 
of  pattern  as  does  tensile  modulus  vs  density.  Above  a  density  of  15  lb/  ft 
dynamic  moduluo  is  lover  than  the  static  modulus.  The  rate  of  change  of 
dynamic  modulus  with  density  is  small,  while  the  static  modulus  Increases 
quite  rapidly.  Compressive  stress  at  2  percent  strain  plotted  vs 
density  in  the  next  figure  shows  the  same  relationship,  (see  Figure  6). 

Flexural  results  indicate  a  reversal  in  this  pattern.  Here  the 
dynamic  moduluo  is  higher  them  the  static  modulus  for  all  densities,  and 
rate  of  change  of  dynamic  modulus  increases  markedly  above  a  density  of 
29.  (See  Figures  7  and  8)  TIUb  is  not  observed  in  static  tests, 
although  for  densities  greater  than  Jl>  this  may  occur. 

Flexural  strength  and  deflection  at  break  ore  plotted  vr  density 
in  Figure  8.  No  difference  in  flexural  strength  is  noted  between 
the  two  test  speeds,  except  at  the  highest  densities.  Deflection  at 
fail  in  the  dynamic  range  is  only  half  that  In  the  static  range  for  all 


lens  i  i.  ion . 


'Hie  :  cversui  note  1  in  !  ioxurol  nk,  lulus  is  I'tribufcu  tv,  an  error 
incurred  in  the  fjexurnd  tent  uppl  led  to  Co  tun  materials .  Since  the 
samples  were  leaded  as  a  simple  beam  and  loaded  In  the  center,  all 
specimens  had  n  noticeable  indentation  of  the  loam  at  the  supports  and 
loading  nose.  Thus,  the  observed  strain  is  greater  than  the  strain 
which  would  have  been  observed  in  the  absence  of  indentation,  and  the 
rd>t  ervod  "tic  dulus  is  lower  than  the  actual  modulus.  'Diis  indentation 
and  thus  the  error  incurred  is  probably  different  for  each  density,  and 
this  difference  is  reflected  to  a  greater  extent  in  static  tests  than  in 
dynamic  tests.  This  error  also  accounts  for  the  lack  of  agreement  noted 
in  modulus  values  in  the  static  range.  Flexural  modulus  was  in  a  lower 
order  of  magnitude  than  the  tensile  and  compressive  modulus. 

The  small  change  of  dynamic,  tensile  and  compressive  moduli  with 
density  as  density  increases  from  14  to  lb/ ft3  in  contrast  to  the 

large  change  in  the  static  values  may  be  attributed  to  one  or  both 
of  the  following  factors: 

1.  The  mechanism  of  loading  on  the  sample. 

Temperature  effects. 

Mechanism  of  Loading  -  In  static  tests  in  tension,  for  example, 
both  polymeric  chains  and  cell  structure  orient  along  the  direction  of 
pull,  thus  increasing  the  stiffness  and  tensile  strength  in  the  process. 
In  dynamic  tests,  since  the  pulling  action  is  complete  in  a  few 
milliseconds,  there  is  no  time  for  such  orientation  to  take  place.  This 
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in  indicated  to  come  extent  by  the  nature  of  the  break.  Sanipleo 
broken  in  static  tents  possess  a  rough  contour  at  the  cross  section. 

The  crosG  section  cf  the  same  material  broken  in  dynamic  tests  is 
considerably  smoother,  almost  conchoidol  in  appearance. 

Temperature  Effects  -  The  time  for  fracture  of  the  tensile 
specimen  varied  from  3  milliseconds  for  the  8  lb/ftJ  foam  to  1*  milli- 
seconds  for  the  30  lb/ftJ  foam.  During  this  rapid  load  application 
enough  heat  may  have  been  generated  to  contribute  to  the  low  modulus  of 
elasticity  observed  for  the  higher  density  foams.  It  is  logical  that  this 
heat  could  be  more  readily  dibsipated  into  the  air  spaces  of  the  lov 
density  foams  30  that  this  effect  is  not  aa  noticeable  below  14  lb/ft^ 
density. 

Figure  9  summarizes  the  teat  results  obtained  on  structural 
laminates.  Flexural  and  compressive  tests  were  run  on  Poraplex  U3, 

Hetron  92  and  Epcn  828  each  made  up  into  l/8-in.  laminates  with  each 
of  two  gloss  cloths;  l8l  and  184  (Volan  Finish).  As  you  can  see, 
flexural  modulus  was  10-20  percent  lower  in  the  dynamic  range  than  in 
the  static  range.  ComprcsBive  modulus  and  compressive  strength  were 
also  generally  lower  in  the  dynamic  range  than  in  the  static  range,  but 
by  an  amount  teat  was  somewhat  greater  and  less  consistent  from  material 
to  material.  Flexural  strength,  however,  was  greater  in  the  dynamic 
range  than  in  the  static  range  for  all  materials  except  Hetron  92  with 
18U  glass  cloth.  These  values  appear  to  correlate  with  the  appearance 
of  the  broken  specimen.  Samples  broken  on  the  Plastechon  showed  more 
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evidence  o!'  delumlnution  '.bar,  those  oroken  on  the  Instron.  Hetron  02 
with  i&i  gl .ass  cloth,  on  the  other  hand,  showed  a  completely  different 
type  of  fracture  on  the  Plastechon.  Cne  ply  separated  from  the  body  of 
the  specimen  during  the  test,  and  this  may  have  resulted  in  the  lower 
strength  value. 

Hie  large  variation  noted  in  comparative  compressive  properties  is 
attributed  to  the  small  number  of  tests  averaged.  While  five  specimens 
were  tested  for  each  material,  in  some  instances  averages  were  based  on 
less  than  five  tests  due  to  difficulties  associated  with  testing 
technique.  Refinements  in  technique  arc  desirable  to  prevent  mis¬ 
alignment  of  the  compression  cage  and  to  prevent  slippage  of  the 
exter.sometcr . 

CONCLUSIONS 

In  conclusion,  tensile,  flexural  and  compressive  properties  were 
measured  on  polyester  polyurethane  foams  of  6  to  32  lb/l’t"5  density, 
and  flexural  and  compressive  properties  were  measured  on  a  limited  number 
of  structural  laminates.  Data  was  obtained  at  static  loaning  rates  of 
0.05-0.1  in/min  witli  failure  occurring  in  a  matter  of  minutes  and  at 
shock  loading  rates  in  the  order  of  magnitude  of  2000  in/min  with  failure 
occurring  in  a  matter  of  milliseconds.  Hie  latter  velocity  corresponds 
to  that  of  some  wind  gU6ts  in  stormy  'weather.  Modulus  and  strength  values 
of  some  of  these  materials  were  significantly  different  when  measured 
at  shock  loading  rates  than  when  measured  under  static  loading  rates. 
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-:tvc:  ■"'■■  v<i:  !  'it  ndo  In  tti.  n:  k  leading  range  should  the.  ore 

h.e  i  ( in;  id c red  ir.  vj  ■  i<*:.  Ign  of  rigid  rqdurnes,  vhich  are  occasional? 
sub  i  .‘"ted  t.  high  •  .1  ).-i' len. 

A  ’KHOrfLPDGPMEKT 

c-. r.  "re  thory.:  ire  due  Mr.  M.  M.  Hannoosh  and  Mr.  S.  C.  .0 
of  'Uk.  .  a  .  L  ib  >:  itory  Tor  defining  the  scope  of  the  pro*  im  and 
to  rofesnor  Albert  I.  H.  Dietz  of  M.I.T.  for  his  Mtiuabi'.  6si6tance 
in  in'  eri.'  e’  i.ig  the  significance  of  the  data. 
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TENSILE  PROPERTIES  vs.  DENSITY  FOR 
POLYURETHANE  FOAM  OBTAINED  UNDER 
STATIC  AND  DYNAMIC  LOADING  RATES. 

FIGURE  k  Tensile  properties  vs  Density 
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COMPRESSIVE  STRESS  AT  2%  STRAIN  vs 
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TAINED  UNDER  STATIC  AND  DYNAMIC 
LOADING  RATES  (leod  applied  parallel  to 
direction  of  foaming). 


FEURE  6  Compressive  Stress  at  2  Percent  Strain 
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FLEXURAL  MODULUS  vs.  DENSITY  FOR 
POLYURETHANE  FOAM  OBTAINED  UNDE_R 
STATIC  AND  DYNAMIC  LOADING  RATES. 


FIGURE  7  Flexural,  vs  Density 
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FLEXURAL  STRENGTH  (psi) 


FLEXURAL  PROPERTIES  VS.  DENSITY  FOR 
POLYURETHANE  FOAM  OBTAINED  UNDER 
STATIC  AND  DYNAMIC  LOADING  RATES 
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DEFLECTION  AT  BREAK  (inches) 
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